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‘CL. THE METABOLISM OF CREATINE 


I. A MICRO-METHOD FOR THE DETERMINATION 
OF CREATINE AND CREATININE 


By REGINALD BRETTAUER FISHER 
AND ALFRED ELLIS WILHELMI 


From the Department of Biochemistry, Oxford 
(Received 15 May 1937) 


WE have been occupied with the problem of estimating accurately the creatinine 
present in samples of a Ringer-Locke perfusate in which the creatinine content 
is 1-16y/ml. Not more than 10 ml. of perfusate are usually available for duplicate 
estimation, so that each sample contains 5—80y of creatinine. Simple concentra- 
tion of the perfusates, which contain relatively large amounts of calcium, makes 
direct estimation of creatinine impossible, owing to interference with the develop- 
ment of the colour in the Jaffé reaction by the formation of a precipitate of 
calcium hydroxide when the alkali is added. The observation of Gaebler & 
Kelch [1928] that creatinine is adsorbed selectively on to fuller’s earth in solutions 
containing other chromogenic substances led us to think that an adsorption 
method might eliminate difficulties due to the presence of substances interfering 
with the Jaffé reaction and might also be sensitive enough to make possible the 
accurate estimation of very small amounts of creatinine. We were encouraged 
by the brief description by Borsook [1935] of a method of this character to adopt 
his technique, which consists in adsorbing the creatinine on to fuller’s earth in 
acid solution and eluting it with the alkaline picrate in which the colour is 
developed. The method as we first used it had considerable disadvantages, 
which are described below. We believe that we have succeeded in overcoming 
them, and we feel that it may be useful to other workers to describe our tech- 
nique, which makes possible the estimation of creatinine in 5 ml. of solution 
containing 5-80y of creatinine with an error of the order of + ly. 


Methods 


(1) Preparation of adsorbent. An efficient adsorbent can be prepared in the 
following manner: 200 g. B.D.H. “‘fuller’s earth: levigated powder” are washed 
twice for 3 hr. in 1 1. 1-2 N HCl, and thrice in 1 1. distilled water, the supernatant 
liquid being siphoned off. The moist fuller’s earth is drained as completely as 
possible on a Biichner funnel, transferred to large watch-glasses and dried slowly 
over a boiling water-bath, being broken up into small pieces during the process. 
It is not necessary to remove the last traces of HCl. After drying, the fuller’s 
earth is pulverized in a mortar and sieved (90-mesh). The final preparation is a 
fine grey-brown powder, at least five times as efficient as an adsorbent of creatinine 
as the starting material. (210 mg. of the starting material adsorb creatinine 
quantitatively from 6 ml. solution only when the amount of creatinine is less 
than 25y, whereas 130 mg. of the final product adsorb at least 80y quantitatively 
in the same circumstances.) 
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(2) Preparation of samples for colorimetric estimation. As the method has 
been applied almost exclusively to the determination of total creatinine in 
trichloroacetic acid filtrates the technique most used has been as follows: 

(a) Aliquots of the filtrate are pipetted into tared 200 ml. flat-bottomed flasks, 
5 ml. 2N HCl and 25 ml. distilled water are added, and the flasks are heated on a 
boiling water-bath for 2 hr. and then more vigorously over a Bunsen burner 
until the weight of the contents is 2-3 g. 

(6) The samples are transferred from the flasks to 15 ml. centrifuge tubes. 
The flasks are washed twice with 2 ml. 2N HCl, the washings being added to the 
samples, making the final volume 6-7 ml. To each tube about 130 mg. prepared 
fuller’s earth are added, and the tubes are shaken in a machine for 15 min. The 
tubes are centrifuged for 3 min. and the supernatant liquid is poured off, the last 
drops being removed with filter-paper. 1 ml. N/100 HCl is blown into each tube 
from an Ostwald pipette, and the adsorbent is suspended by a few brisk rotations 
of the tube. 1 ml. V/100 HCl is used to wash down the tube. The tubes are 
again centrifuged for 3 min. and the supernatant liquid is poured off, the last 
drops being removed with filter-paper. The adsorbent is dispersed by the brisk 
addition of 2 ml. alcoholic alkaline picrate (25 ml. purified saturated picric acid, 
25 ml. 97 % alcohol and 7-5 ml. 10% NaOH) from a syringe fitted with a stop 
and a sawed-off needle. The tubes are shaken for 10 min., during which the 
elution of the creatinine and the development of the colour take place, and then 
1 ml. N/20 BaCl, is blown into each tube from an Ostwald pipette. The solutions 
are shaken for 5 min. more and are finally centrifuged for 5 min. The final 
solutions are perfectly clear, and the adsorbent is well packed down in the 
bottom of the tubes. In order to prevent as much as possible the inclusion of 
particles of fuller’s earth in the samples, they are withdrawn into a pipette fitted 
with a syringe and gently expelled into 
6 ml. test-tubes. A little of the sample is Hight tn 
used to wash the pipette. 

Alcoholic alkaline picrate for use in 
the colorimetry is prepared by diluting 
20 ml. of the picrate solution described iil? 
above with 10 ml. distilled water and | 
filtering the solution into a small Erlen- 
meyer flask which is then stoppered to 
keep the solution free of dust. The alco- 
holic solution thus prepared is indistin- 
guishable in the colorimeter from aqueous 
alkaline picrate and doesnot introduce any Unknown [77777 “pMemal ever 
errors due to differences in depth of colour. om a —_ 

(3) Colorimetry. A Leitz three-stage 
colorimeter is used. The standard consists 
of the “neutral grey” solution and the yatine picratef""}-| | | | site nes 
appropriate filter for creatinine estimation — 25 mm. 50—X mm, 
is Leitz S.F. 6 which passes light around 
531 mp. “Compensation” is introduced Fig. 1._ Compensation array for absolute 

mere “ colorimetry. The topmost stage is set to 
to eliminate the absorption of light due the same depth of solution as the coupled 
to the large excess of alkaline picrate. middle and lower stages. The light must 
Although this absorption is small when _ therefore pass through the same depth of 

R - . alkaline picrate on both sides, whatever 

the appropriate colour filter is used, we the position of the coupled stages. 
have found it in the interests of accuracy 
to balance it out in the manner indicated in Fig. 1. 





] Alkaline picrate 
| 50 mm. 
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In each series of determinations fresh alkaline picrate is placed in the proper 
cups of the top and bottom stages. Before the estimations are begun, the right- 
and left-hand micro-cups of the middle stage are filled with alkaline picrate and 
distilled water respectively and set to 25 mm. depth of solution. There are thus 
columns of equal depths of distilled water and alkaline picrate on each side. The 
two halves of the field are made to match by adjusting the centring device in the 
base of the machine. Although the light has already been centred with the 
stages empty, an additional adjustment is often necessary because there is a 
small but definite absorption of light by the cups and plungers, and this is not 
the same on both sides. 

When the machine is balanced, the distilled water is removed from the left- 
hand micro-cup, the cup and plunger are washed with a little neutral grey solu- 
tion, and the cup is filled with neutral grey and replaced in the colorimeter. The 
absorption of the 25mm. column of alkaline picrate is then measured by 
adjusting the depth of neutral grey until the fields match in intensity. This gives 
the “working zero” of the apparatus, which should be zero reading of neutral 
grey. If it is not, the machine must be balanced again before the estimations are 
begun. In this way the accuracy of adjustment of the colorimeter is finally 
checked. 

The alkaline picrate is then removed from the right-hand micro-cup, the cup 
and plunger are washed with a little of the unknown solution, and the cup is 
filled, replaced and set to 25 mm. depth of solution. The depth of neutral grey 
is then adjusted until the fields match. Ten readings are taken, five from above 
and five from below the position of equality, and the mean is calculated. The 
creatinine content of the unknown solution is then given by the expression 

Y=3-002-155 = ——_ ecsecs (1), 
where Y =creatinine in y, and x=mean neutral grey reading in mm. 

This relation is derived from 90 observations (78 with one batch of adsorbent 
and 12 with another) on solutions of creatinine zine chloride of known concentra- 
tion which were subjected to the whole of the procedure described above, with 
the exception of the preliminary heating. These 90 observations are collected 
in Table I, and it follows that relation (1) affords an accurate estimate of the 
creatinine content of a sample. The probable error of an individual estimation is 
+0-98y creatinine. 


Table I. Relation between creatinine content of sample and neutral grey reading 


Neutral grey reading (mm.) 








Amount of c 

creatinine Adsorbent 4 Adsorbent 5 
- ¢ , my c ; 
5 1-51 1-54 1-61 1-71 1-81 
10 3:06 3:07 3:08 3-09 3-70 3:19 3-31 
15 455 462 467 469 4-76 
20 5-56 5-86 5-95 6-00 6-14 5-91 6-00 
25 7-54 7-55 7-59 7-59 7-80 
30 8-80 8-84 8-87 9-36 9-39 8-78 9-00 
35 10-10 10-11 10-23 10-39 10-60 
40 11-36 11-44 11-51 12-09 11-22 11-86 
45 12-59 12-60 12-95 13-01 13-05 13-18 13-26 13-42 
50 13-67 13-82 14:06 14:28 14-66 14-26 14-66 
55 15-48 15-60 15-64 15-72 
60 16-54 17-07 17-26 17-60 17-70 
65 18-16 18-29 18-36 18-56 


70 19-40 19-75 19-78 19-90 19-91 20-24 
75 21-09 21-25 21-38 
80 22-32 22-42 22-60 22-62 
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Notes on procedure 


(1) Conversion of creatine into creatinine. This conversion is accomplished by 
a variant of the Folin open-flask method, and we have satisfied ourselves that 
the conversion is complete under our conditions. The concentration of acid in 
the final 2-3 ml. of solution after boiling down is approximately 2-5 NV. 

(2) Adsorption. The adsorption of creatinine on to fuller’s earth occurs only 
from acid solution, but we have been able to show that the extent of the 
adsorption from solutions acidified with HCl is not affected by variation of the 
normality of the acid between 0-4 and 2-5. There is therefore no necessity to 
adjust the acid concentration in the samples after the conversion procedure. 

Originally 50 mg. of fuller’s earth were used in each tube as recommended by 
Borsook [1935]. We found, however, that considerably more than 200 mg. of 
the untreated fuller’s earth, or 130 mg. of prepared adsorbent, was necessary 
to obtain a reasonably linear relation between creatinine content and colour 
development; we have therefore continued to use 130 mg. of prepared 
adsorbent. 

In Borsook’s method the shaking is done by hand and special tubes with glass 
stoppers are used. We have found it more convenient to use ordinary 15 ml. 
centrifuge tubes and to shake them in a special machine which we have devised 
and which we propose to describe separately. The tubes are held vertically in the 
machine and a rapid alternating circular motion in a horizontal plane is imparted 
to them. Efficient shaking can be obtained by this means without stoppering 
the tubes, and eight tubes can be dealt with at once. 

(3) Elution. The major difficulty encountered in connexion with the elution 
of the adsorbed creatinine was in avoiding the dispersal of fuller’s earth by the 
alkali. B.D.H. ‘“‘fuller’s earth for adsorption purposes” always yielded a definite 
blank in the colorimeter, due to scattering of light by dispersed particles of the 
adsorbent, and this blank was extremely variable. Our prepared adsorbents 
dispersed in alkali to a much greater extent than the original material. It was 
impossible, in fact, to clear the final solution by centrifuging. We attempted to 
flocculate the adsorbent by adding dilute BaCl, during the elution, but we were 
only partially successful ; the solution was not entirely cleared, and the adsorbent 
itself was bulky and obviously still considerably hydrated. We then substituted 
the alcoholic picrate already described for aqueous picrate and retained the 
BaCl, treatment. When this procedure was used the adsorbent did not increase 
in volume during the elution and the supernatant liquid was perfectly clear after 
5 min. centrifuging at 3000 r.p.m. 

(4) Colorimetry. We chose to estimate the creatinine by absolute colorimetry 
because whilst we were using untreated adsorbent we saw no reason to suppose 
that we should obtain a linear relation between the amount of creatinine taken 
and the colour developed in the eluate. We realized that unless this relation was 
in fact linear the relation between the colour developed in a standard solution 
which had beeri subjected to the same procedure and that developed in an un- 
known would be of a complex character and peculiar to the particular standard 
chosen. Fig. 2 illustrates this point. A series of samples of creatinine solution in 
which the creatinine content increased by steps of 5y from 5y to 50y was sub- 
mitted to the adsorption and elution procedures with B.D.H. ‘‘fuller’s earth for 
adsorption purposes” as the adsorbent. Each sample was then used as a standard 
for the estimation of the colour developed in the next higher member of the 
series. Then, on the assumption that the whole of the creatinine had been 
recovered in the first member of the series, it was possible to calculate the 
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creatinine recovered in each later tube of the series. Correction curves for parti- 
cular standards could then be calculated in the following manner: 

Let S be the amount of creatinine in the standard, and s be the amount 
recovered when S is adsorbed and eluted. Let U and u be the corresponding 
quantities for the unknown. Then the apparent creatinine content of the 
unknown is 


u Y 
3 (S), 


and the difference between the true and estimated creatinine is 


Us -uS 





8 


Fig. 2 illustrates the nature of one such correction curve. It is obvious that 
the method of deriving this curve is sus- 
ceptible to large errors, and that if a 


2-64 
more direct procedure is available it o 
should be substituted for simple colori- : 
metry. Absolute colorimetry provides de 
such a substitute, and it has the further 2-0F 
advantage that the standard is stable 1-8F 
and reproducible. Its advantages are 1-6 


such that we have retained it even & 4 
though we have since succeeded in ob- 
taining a linear relation between the 
colour developed in the eluate and the 
amount of creatinine taken initially. 
Since the utility of the method in 0-6 


i) 





1-OF / 


0-8 


Correction ( 





connexion with a particular problem 0-4 

can be tested only by showing that it 02 

will recover creatinine quantitatively a 

from solutions or extracts of the 

character appropriate to the problem, — a 

we do not propose to discuss the 10 1520 25 30 35 40 45 50 55 00 65 
matter of recoveries here. We have used Creatinine observed (y) 


the method extensively during the past Fig. 2. Correction curve for 30y standard. 

2 years and we shall show in subsequent 

papers of this series that it does permit quantitative recovery of creatinine from 
tissue extracts and perfusates, and that it is not affected by large excess of such 
substances as glucose, arginine, glycine and trichloroacetic acid. 


SUMMARY 


A colorimetric method for the estimation of 5-80y of creatinine is described, 
which is based on the adsorption of creatinine from acid solution by prepared 
fuller’s earth and elution by alkaline picrate, followed by ‘compensated 
absolute” colorimetry. The standard error of an individual estimation is 
+0-98y. 
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II. THE CONVERSION OF ARGININE INTO CREATINE 
IN THE ISOLATED RABBIT HEART 


By REGINALD BRETTAUER FISHER 
anpD ALFRED ELLIS WILHELMI 


From the Department of Biochemistry, Oxford 
(Received 15 May 1937) 


THE use of the whole animal for the study of the metabolism of creatine has a 
number of disadvantages. A large body of evidence exists which indicates that 
quite considerable quantities of creatinine may be injected into an animal, or 
administered parenterally, without the subsequent appearance of any extra 
creatine in the urine. Furthermore, the recent work of Benedict & Behre [1937] 
and of Gaebler [1937] appears to show conclusively that there is no creatinine in 
the blood of many animals which excrete creatinine, or at least that the upper 
limit of creatinine concentration in the plasma is so low that it is obvious, 
from what is known concerning the creatinine clearance, that the creatinine in 
the urine must originate in the kidney. It follows that it should be possible to 
produce profound changes in the amounts and proportions of creatine and 
creatinine which are excreted by an animal merely by altering the activity of the 
kidney. In addition, a very large number of the known hormones is capable 
of influencing the excretion of one or both of creatine and creatinine, and finally, 
most of the possible precursors of creatine have alternative paths of metabolism, 
so that there is little possibility of demonstrating a quantitative conversion of 
precursor into creatine and thus meeting the criticism that any extra production 
of creatine observed may be due to a stimulant rather than to a participant action 
of the putative precursor. It follows that such a wealth of alternative hypo- 
theses is available for the interpretation of the results of experimental inter- 
vention in the creatine metabolism of the whole animal that a clear-cut solution 
to any of the fundamental problems of creatine metabolism is hardly likely to be 
obtained by means of such intervention. 

For this reason we have attempted the investigation of the creatine meta- 
bolism of an isolated organ. We have chosen the rabbit heart since the organ is 
of sufficient size for reasonably accurate work, and yet will remain in good con- 
dition after a considerable period of perfusion with a simple Ringer-Locke 
solution, if the proper precautions are taken. Further, the heart has the advantage 
that its spontaneous activity provides a simple measure of its condition. And, 
lastly, it is an example of a muscular tissue and is therefore of the class of tissue 
in which it might be expected that creatine synthesis would be manifest. 


Methods 


(1) Perfusion. It is necessary to be able to determine the total creatinine of 
the perfusate with precision, as inspection of Tables XIII and XIV in the 
appendix to this paper will show. It will be seen that the total creatinine of the 
perfusate may comprise from 3-4% (perfusion 90: Table XIII) to 20-5% 
(perfusion 64: Table XIV) of the total creatinine of the heart plus perfusate, and 
it is clear that data for the heart alone would be useless. 


( 1136 ) 
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In order to be able to determine the total] creatinine of the perfusate accurately 
we have used a closed-circuit perfusion apparatus which is shown diagrammatic- 
ally in Fig. 1. We were fortunate to obtain the use, from Sir Henry Dale, of the 
apparatus used by Bodo & Marks [1927] in their investigation 
of the effect of insulin on sugar utilization of the isolated 
perfused heart. We have modified the apparatus in detail, 
in so far as the heating system, water-jacket and heart 
cannula are concerned, and have added a flowmeter. 

Procedure. The apparatus is set up and 60 ml. of per- 
fusate are placed in the upper reservoir. The flowmeter and 
cannula are filled and all bubbles are removed by appro- 
priate manipulation. The oxygen supply is turned on and 
the fluid is allowed to circulate at the rate of 12-16 ml./min. 
until the temperature of the fluid in the heart cannula is 
steady. This circulation ensures (a) that any particles 
detached from the glass-wool plug in the upper reservoir 
shall not enter the heart once they have been washed through 
the cannula, (6) that the whole of the perfusion fluid shall be 
oxygenated and (c) that the perfusion temperature shall be 
steady from the beginning of the perfusion. The rabbit is 
killed by a blow on the neck and the heart is exposed by 
one of us. The other meanwhile stops the circulation of the 
perfusion fluid, fixes the heart cannula in a clamp and 
starts a slow flow of the fluid into a 25 ml. graduated cylinder fitted with a 
funnel. The heart is excised and the aorta is tied on the cannula. The perfusate 
is allowed to flow freely into the heart, and that which escapes is collected in the 
cylinder. As soon as it is judged that the heart is reasonably free from blood, the 
cannula is transferred to the heart vessel and the circulation of the perfusion 
fluid is begun. The volume of fluid in the cylinder is measured and, if necessary, 
enough of the perfusion fluid (at the perfusion temperature) is added to the 
reservoir to make the total volume 50-60 ml. 

The times of the death of the animal and the placing of the heart in the 
perfusion circuit are noted, the latter time being taken as the beginning of 
the perfusion. At 5 min. and again at 15 min. after this time the heart rate is 
taken, the temperature of the perfusion fluid noted and the flowmeter read. 
At 20 min. 10 ml. of the perfusate are removed from the upper reservoir with a 
pipette and expelled into a 25 ml. centrifuge tube containing 2 ml. 25% tri- 
chloroacetic acid. 10 ml. fresh perfusate, at the perfusion temperature, are added 
to the upper reservoir. The volume of the perfusate is thus kept constant 
throughout the perfusion. This procedure is repeated exactly for six periods of 
20 min. 

After the final sample has been taken, the heart rate, the perfusion tem- 
perature and the flow are quickly noted, and the perfusion is stopped. The 
heart is removed and freed of excess moisture by gentle squeezing between 
hardened filter papers. Fat and connective tissue are removed as completely as 
possible and the heart is cut into two approximately equal parts, care being 
taken to include nearly equal portions of both ventricles in each part. One half 
of the heart is placed in a tared stoppered bottle, weighed and put into an oven 
to dry at 110°. The other half is placed in a tared 50 ml. centrifuge tube con- 
taining 10 ml. 10 % trichloroacetic acid, weighed and finely minced with scissors 
which are finally washed with 10 ml. distilled water. This is set aside for extrac- 
tion and determination of the total creatinine of the heart. 





Fig. 1. Closed-circuit 
perfusion apparatus. 
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The perfusion samples are centrifuged and the clear supernatant liquid is 
decanted into clean dry 25 ml. beakers from which aliquots are taken for the 
analyses. 

Since the analysis of separate samples of the perfusate has not yielded results 
of any particular significance, a shorter procedure has been adopted in recent 
perfusions. The samples of the first five periods are pooled by running them into 
a 100 ml. centrifuge tube containing 10 ml. 25% trichloroacetic acid. The 
sixth sample is run into a 25 ml. centrifuge tube containing 2 ml. 25 % trichloro- 
acetic acid. At the end of the perfusion the tubes are centrifuged, and aliquots 
of the protein-free fluid are taken for the analyses. 

(2) Control hearts. In order to provide data on the dry weight and total 
creatinine of the normal, unperfused heart, another rabbit is killed during the 
perfusion and its heart is removed, washed in Ringer-Locke solution until free 
of blood, and treated in exactly the same way as the perfused heart. 

(3) Extraction of the heart muscle. The finely minced heart is extracted three 
times with 20 ml. 5% trichloroacetic acid. The minced muscle is kept in the 
acid for 1 hr. or more, and the supernatant liquid is filtered through hardened 
filter-paper into a 100 ml. volumetric flask. The particles of tissue remaining on 
the filter-paper are picked off with a glass rod and returned to the mass of the 
tissue in the centrifuge tube. The tissue is then vigorously ground for a few 
minutes with the glass rod, and the tissue is dispersed, and the rod thoroughly 
washed, by the addition, first of 10 ml. 10% trichloroacetic acid and then of 
10 ml. distilled water. After the final extraction, the tissue is transferred to the 
filter-paper and the tube and tissue are washed with 10 ml. of the acid, then with 
several small portions of distilled water. The extract is made up to volume with 
distilled water, and aliquots of this are used for the determination of the total 
creatinine of the heart. 

The efficiency of this method of extraction was tested by extracting a 
number of hearts five times. The fluid from the last two extractions was filtered 
into a 50 ml. volumetric flask and made up to volume with distilled water. 
20 ml. samples were used for the estimation. The results of these extractions are 


Table I. Recovery of total creatinine from three and from five extractions of 
the heart tissue 





Total creatinine (mg.) % of total 
f . creatinine 
Heart Extracts 1-3 Extracts 4-5 in 4-5 
1 4-043 0-036 0-88 
2 5-285 0-065 1-21 
3 4-153 0-055 1:31 
4 5-029 0-064 1-25 
5 3-169 0-026 0-81 
6 4-689 0-030 0-63 


given in Table I. This seemed to afford satisfactory evidence that we were 
recovering at least 98°, of the creatinine, preformed and in the form of 
creatine, in the heart tissue. 

(4) Determination of total creatinine. Duplicate 5 ml. aliquots of the protein- 
free fluid from the perfusates and triplicate 1 ml. aliquots of the heart extracts 
are taken for the estimation of total creatinine by the method described in 
Part I [Fisher & Wilhelmi, 1937]. In addition the total creatinine in 15-25 ml. 
of the heart extracts has been determined by the Folin open-flask method, as 
described by Peters & Van Slyke [1932]. Certain observations are presented 
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below which we have made on (a) the recovery by the micro-method of creatinine 
added to perfusates and heart extracts, (b) the effects of glycocyamine and 
arginine on the micro-method, (c) the effects of glycocyamine on the estimation 
of the total creatinine of heart extracts by the macro-method and (d) the corre- 
spondence between the two methods when applied to extracts of control hearts 
and of glucose- and arginine-perfused hearts. 

(a) Table II illustrates the recovery of creatinine from perfusates and heart 
extracts. The figures demonstrate that the recovery is to all intents and 
purposes quantitative. The probable error of an estimation is +ly, or 5% 


Table II. Recovery of added creatinine 


(Figures expressed in y) 


Creatinine Creatinine Creatinine Percentage 
of sample added found Recovery recovery 
Heart extracts: 
20-7 20-0 43-9 23-2 116 
13-7 20-0 35-4 21-7 109 
12-6 20-0 33-5 20-9 105 
14-6 20-0 37-5 22-9 115 
47-7 10-0 57-2 9-5 95 
47-7 20-0 65-6 17-9 90 
37-9 20-0 51-0 13-1 66 
Perfusates: 
15-5 20-0 29-8 14- 72 
19-0 20-0 36-7 17-7 89 
30-5 8-6 39-0 8-5 99 
13-2 20-0 32-6 19-4 97 
14-4 20-0 29-7 15-3 77 
33-8 10-0 43-2 9-4 94 
33-8 20-0 53-0 19-0 95 


of the creatinine added in most of the above experiments, and it is not surprising 

therefore that an occasional recovery depending on the difference between two | 

sets of estimations should differ from the ideal by more than 10%. | 
(6) Table III a shows the effect of glycocyamine on the estimation of the 

total creatinine of heart extracts. In these experiments the conversion of 

creatine into creatinine was carried out in the presence of the glycocyamine, 

since it was to be expected that glycocyamidine formed as a result of heating in 


Table Illa. Effects of glycocyamine on the micro-method 


Total creatinine Glycocyamine Total creatinine 
present added found Difference 
Y mg. y Y 
30-0 0-5 40-25 10-25 
30-0 0-5 36-47 6-47 
30-0 1-0 44-42 14-42 
30-0 1-0 49-39 19-39 
30-0 1-5 67-97 37-97 
30-0 1-5 59-61 29-61 


acid solution would have more marked effects on the estimation than glycocy- 
amine itself, and in consequence, the effects of any glycocyamine present on the 
estimation of the total creatinine in the perfusates could be properly examined 
only if the glycocyamine underwent the conversion procedure. These data 
indicate that an amount of extra creatinine equal to 1-3-2-5% by weight of the 
glycocyamine present appears under the conditions of the micro-method. 
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Table III 6 demonstrates the absence of effect of arginine on the estimation 
of total creatinine by the micro-method. 


Table IIT b. Effects of arginine on the micro-method. 


Arginine Total creatinine (y) 
present ——— ny % 

Y Theoretical Observed recovery 
675 16-87 16-94 100 
701 16-87 14-98 89 
546 16-87 14-78 88 
690 16-87 17-31 103 


(c) Table IV shows the effect of glycocyamine on the estimation of total 
creatinine by the macro-method. The figures indicate that an amount of 


Table IV. Effect of glycocyamine on the direct estimation of creatinine. 


Total creatinine (mg.) 
enema ee 





eee 
Heart extract 


plus 1 mg. 

Heart extract glycocyamine Difference 
0-35 0-43 0-08 
0-55 0-64 0-09 
0-76 0-88 0-12 
0-76 0-92 0-16 
1-01 1-12 0-11 


Mean 0-11 


apparent extra creatinine appears which is equal to 11% by weight of the 
glycocyamine present. The micro-method, therefore, appears to be much more 
specific than the macro-method with respect to glycocyamine. 

(d) In three series of hearts determinations of the total creatinine were made 
by both the macro- and the micro-methods. The mean difference in the 
amounts found by the two methods was (1) for 17 control hearts, +1-32+ 
0-93y/ml.; (2) for 10 glucose-perfused hearts, —0-61+1-73y/ml.; (3) for 
10 arginine-perfused hearts, + 0-73 + 0-67 y/ml. 

It is obvious that there is a good correspondence between the two methods in 
all three groups of hearts, and that there is particularly good correspondence in 
the group of arginine-perfused hearts. The possibility that glycocyamine may 
accumulate in arginine-perfused hearts will have to be taken into consideration 
later in this paper. We believe that the correspondence demonstrated above, in 
conjunction with the demonstration under headings (b) and (c) respectively that 
the micro-method is relatively much less sensitive to glycocyamine than the 
macro-method, provides definite evidence against the presence in the heart 
extracts of any significant amounts of glycocyamine. 

(5) Determination of arginine. The colorimetric method of Jorpes & Thorén 
[1932], based on the Sakaguchi reaction, is used for the estimation of arginine. 
Our procedure for obtaining a coloured solution from the arginine samples is 
identical with that of Jorpes & Thorén, but the colorimetric comparison is carried 
out in a Leitz colorimeter (one stage, with built-in illumination) using neutral 
grey solution as the standard, with a colour filter (Leitz S.F. 6) in the eyepiece. 
“‘ Absolute” colorimetry, using neutral grey, is a type of photometric comparison, 
and eliminates the difficulty due to the rapid fading of the colour in standard 
arginine solutions which Jorpes & Thorén mention and which we have confirmed. 
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In our experiments the colorimetric estimation is usually completed within 
4 min. of the development of the colour. 

The relation between concentration of arginine and colour developed was 
determined by making a large series of observations on arginine solutions 
containing 12—84y arginine in 5 ml. The depth of column of neutral grey solution 
required to give a colour match against a 10mm. depth of column of the 
arginine solution was determined in each instance. The results of these observa- 
tions are given in Table V. When the points are plotted on a double logarithmic 


Table V. Relation between arginine content of sample and neutral grey reading 


Arginine Neutral grey reading (mm.) 

a 

12 3-52 3-75 3-78 3-83 3°87 
24 7-28 7-46 7-48 7-60 7-94 
36 10-45 10-81 11-04 11-17 11-43 
48 14-35 14-59 14-72 15-35 15-38 
60 17-06 17-58 17-66 18-07 18-58 
72 20-65 20-66 20-70 20-75 21-38 
84 23-33 23-44 23-66 23-88 24-27 
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Fig. 2. Calibration chart for arginine estimation. 


scale they lie on a straight line. Fig. 2 is an accurately drawn calibration chart, 
derived from the data of Table V, and may be used in making arginine determi- 
nations by the method described. The relation between neutral grey reading and 
arginine concentration is: ¥ =3-63629-99, 


where Y is the concentration of arginine in y, and z is the reading of neutral grey 
in mm. when the unknown is set at 10 mm. depth of solution. The error of an 
individual] estimation is +4:5%. 
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5 ml. samples of the heart extracts and 0-5 ml. samples of the protein-free 

fluid from the perfusate, made up to 5 ml. with distilled water, are taken for the 
-estimations. The arginine content of the fresh perfusate is checked by estima- 

tions in triplicate on 0-5 ml. samples of the solution, made by running 10 ml. of 
fresh perfusion fluid (at the perfusion temperature) into a 25 ml. centrifuge tube 
containing 2 ml. 25 % trichloroacetic acid. We have satisfied ourselves, by making 
determinations on known solutions of arginine, that trichloroacetic acid, in the 
concentrations used in both the perfusates and the heart extracts, has no effect 
on the accuracy of the estimation of arginine. 

(6) Composition of the perfusion fluids. The perfusate used is a modified 
Ringer-Locke solution having the following composition: NaCl 0-90%, CaCl, 
0-02 %, KC1 0-01 %, NaHCO, 0-02 % and glucose 0-20 %. Stock solutions of the 
various constituents, except glucose, are kept continuously in cold store, and the 
perfusate was freshly made up from them immediately before each perfusion, 
the glucose being added when the solution was made up to volume. 

In the perfusions with arginine the perfusate contained approximately 
20 mg./100 ml. pure d-arginine carbonate (Fraenkel and Landau, Berlin). The 
amounts added were carefully weighed out and, in the perfusions in which arginine 
was estimated, were checked by determinations on samples of the fresh perfusate. 

In our early perfusions the concentration of glucose in the perfusion fluid was 
0-10%, the concentration usually recommended and, in these conditions, 10 
out of 11 hearts failed before the end of 2 hr. Better maintenance of the condition 
of the heart was achieved by increasing the glucose concentration to 0-20 %; in 
over 70 subsequent perfusions only two hearts have failed for no immediately 
apparent reason, and in each instance clot or glass wool was found at the aortic 
end of the coronary arteries. 

(7) Control perfusions. The total effects of the perfusion procedure, the 
method of sampling, the conversion of creatine into creatinine and the colori- 
metric estimation on the determination of known amounts of creatine and 
arginine were examined in a series of “blank” perfusions. No heart was placed 
in the apparatus, but 50 ml. of perfusate to which known amounts of creatine 
and arginine were added were kept constantly in circulation for 2 hr., the rate 
of flow through the cannula being 15-16 ml./min. The perfusion procedure, the 
conversion of creatine into creatinine in the samples and the colorimetric 
estimations were carried out exactly as described above for the heart perfusions, 
and in addition determinations were made on samples of the fresh perfusate to 
check the theoretical concentrations of arginine and creatine. The results of two 
control perfusions by the “long method” and three by the “short method” 
already described are collected in Table VI. It is apparent from these data 
that no significant difference exists between the two methods, and that no 
serious or consistent errors in the determination of total creatinine or of arginine 
arise from either method. 


Table VI. Control perfusions (negative differences indicate apparent disappearance) 
All quantities in mg. 


Creatine Creatine Arginine Arginine 
Procedure added | found Difference added found Difference 
Long 0-395 0-379 —0-016 — —_ —_— 
Long 0-431 0-414 -—0-017 15-355 15-146 — 0-209 
Short 0-301 0-382 +0-081 13-080 13-104 +0-024 
Short 0-367 0-356 -0-011 16-500 16-968 +0-468 
Short 0-401 0-409 +0-008 16-036 16-260 +0-224 





Mean difference +0-009 +0-127 
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(8) Material. Only healthy male rabbits were used. The animals were 
obtained partly from a local dealer, and partly from the Department of 
Pathology. The stock was mixed, having representatives, pure and mongrel, of 
several different strains commonly fancied by breeders in this country. Informa- 
tion in the literature about the age and weight of rabbits at puberty is scanty, 
and in any case precise figures would not apply to a mixed stock. We have 
concluded, from the information available to us, that on the average puberty is 
attained about 6 months of age, at which time the body weight is 1-8-2-0 kg. In 
order therefore to obtain one group of animals predominantly immature, and 
another group of animals predominantly mature, we have confined our data to 
animals weighing less than 1-8 kg. and more than 2-0 kg. 


RESULTS 


The results of 48 observations on control hearts are presented in Fig. 3. The 
full circles represent hearts from animals weighing less than 1-8 kg. and the 
hollow circles represent hearts from animals weighing more than 2-0 kg. The 
differences in the relation between total creatinine and heart dry weight in the 
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Fig. 3. Control observations. Fig. 4. Relation of heart dry weight 
(For explanation, see text.) to body weight. 


two groups strike the eye immediately. It is obvious that the slopes of the 
regression lines differ considerably, and that the scatters of the points in the 
two groups are very different. The regression line for the lower group does not 
differ significantly from a line through the crigin, whereas that for the upper 
group does. We are therefore constrained to believe that comparisons between 
control and perfused hearts cannot profitably be made on the simple basis of 
content of total creatinine per unit of dry weight, and that the regression lines 
shown must be taken as the basis for comparison. 

The use of the two groups of animals was based on the expectation of a 
pubertal change in creatine metabolism. Various investigations, such as those 
of Light & Warren [1934] and Buadze [1933], into creatinuria in boys, and those 
of Schrire & Zwarenstein [1932, 1, 2; 1933; 1934] into the differing effects of 
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pre- and post-pubertal castration on the creatinine excretion of rabbits, have 
established that pubertal changes in the metabolism of creatine and creatinine 
do occur. The discontinuity in the dry weight-total creatinine relation shown 
in Fig. 3 has therefore a physiological as well as a statistical basis. A third type 
of evidence in support of the reality of this discontinuity may be adduced from 
the response of the perfused heart to the addition of arginine, and we shall 
discuss this later. Meanwhile we wish to emphasize the fact that the discon- 
tinuity is not a statistical artefact. Some further insight into its significance can 
be gained from consideration of Fig. 4, in which the relation between heart dry 
weight and body weight is represented. The broken horizontal line in this figure 
is at the level of 0-8 g. dry weight, i.e. the heart dry weight at which the two 
regression lines on Fig. 3 intersect. It will be seen that the most probable body 
weight in any large group of rabbits from the population from which our supply 
was drawn, in which the heart dry weight is close to 0-8 g., is approximately 
1-6 kg., but that heart dry weights in this neighbourhood are observed in 
animals weighing between 1-2 and 2:2 kg. That is, we can say that, although 
there is very considerable morphological variability in our animals, the dis- 
continuity occurs in a position which is not inconsistent with the view that it is 
connected with puberty. In view of the variability of the animals it would have 
been desirable to exclude a larger group than that comprised between 1-8 and 
2-0 kg. body weight, since it is almost certain that some mature animals must 
be included in the lower group and some immature ones in the upper group. 
But, since certainty of the mutual exclusiveness of the two groups from the 
point of view of sexual maturity could hardly be obtained without limiting the 
body weight to less than 1-0 kg. and more than 2-5 kg., we have preferred the 
probable increase in variance due to overlap of the immature and mature 
groups to the decrease in the range of observations which would result from more 
rigorous restriction of the groups. In fact, if all our observations between 1-5 and 
1-8 kg. and all those between 2-0 and 2-3 kg. are excluded, the positions of the 
regression lines are not changed significantly and the point of intersection remains 
at 0-8 g. dry weight. But the number of observations in each group is halved and 
the reliability of the estimates of the slopes of the regression lines is impaired. This 
statistical experiment shows that the probable dilution of each of our groups is 
not sufficient to modify the characteristic relations obtaining within each group. 

Further evidence in favour of the reality of this discontinuity is provided by 
consideration of the 22 glucose perfusions. In Fig. 5 the full and hollow circles 
have the same significance as in Fig. 3. The continuous lines are the regression 
lines for the two groups of glucose-perfused hearts, and the broken lines are the 
regression lines for the controls. It will be seen that the glucose-perfused hearts 
also exhibit the discontinuity found in the controls. Furthermore, the regression 
lines for glucose-perfused and control hearts do not differ significantly in either 
group. This is a matter of some importance, since it appears to indicate that 
neither synthesis nor destruction of creatine occurs in the surviving heart in the 
absence of added precursor, and it is of value in another way since it indicates that 
the control hearts provide as good a control on the effects of perfusion with 
arginine as do the glucose perfusions. 

In order to obtain the best estimate of the total creatinine to be found in the 
heart not perfused with arginine we have therefore pooled the control and glucose 
perfusion data. The regression lines of the two groups of pooled data are: 


Y =7-43x+0-14 (animals below 1-8 kg.), 
Y =4-01xv+3-19 (animals above 2-0 kg.), 


where Y =total creatinine in mg. and x=heart dry weight in g. 
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The difference in the slopes of the two lines is 3-42 + 0-88 mg. creatinine per g. 
dry weight, and there is less than one chance in a thousand that such a difference 
would be observed between two random samples of the size of those used here if 
the samples were drawn from the same population. In other words, the difference 
in the slopes is highly significant, and we may take it that in so far as the total 
creatinine and heart dry weight relation is concerned the pre- and post-pubertal 
animals are drawn from different populations. 


Total creatinine (mg.) 
Total creatinine (mg.) 








0-5 1-0 15 
Heart dry wt. (g.) Heart dry wt. (g.) 
Fig. 5. Observations on glucose-perfused Fig. 6. Observations on arginine-perfused 
hearts. (For explanation see text.) hearts. (For explanation see text.) 


The data for the arginine-perfused hearts (25 perfusions) are presented in 
Fig. 6, together with the regression lines (continuous) and the regression lines 
for the pooled control data (broken), and it will be seen that, although the data 
are far from ideal in their distribution, there is no doubt that arginine brings 
about an increase in the total creatinine of the hearts in the upper group. The 
difference in the relation between the two groups of arginine-perfused hearts 
and the corresponding controls is yet another instance of a change in character 
of the creatine metabolism of the heart at puberty, and we shall offer further 
evidence that the difference apparent in Fig. 6 is a real one. 

The difference between the slopes of the upper arginine and control lines is 
2-09 + 0-88, i.e. the difference is a significant one, and it is possible to calculate 


from the two lines that: 
AC=(Y,—Y,)=2-09a—1-53, 


where Y, and Y, are the amounts of total creatinine to be expected in an 
arginine-perfused and in a control or glucose-perfused heart respectively, and x 
is the heart dry weight in g. AC is the most probable value for the total creatinine 
appearing during the arginine perfusion. 

Since the most probable mode of action of arginine is that it itself should be 
converted into creatine, we have examined the disappearance of arginine from 
the perfusion system in a number of the arginine perfusions. The estimation of 
the disappearance presents some difficulties. The estimation of the arginine 
disappearance from the perfusate is simple, but it is difficult to interpret the 











1146 R. B. FISHER AND A. E. WILHELMI 


figures obtained for the arginine content of the heart. In the first place, we have 
found that control and glucose-perfused hearts contain a certain amount of 
apparent arginine when the estimations are made by the colorimetric method 
described. This apparent arginine bears no obvious relation to the size of the 
heart, and its concentration is of the order of magnitude to be expected on the 
basis of the creatine content of the samples taken for analysis. A few experi- 
ments on the effect of conversion of the creatine of the samples into creatinine 
on the apparent arginine have shown that the decrease corresponds with that 
expected on the basis of the intensity of the Sakaguchi reaction given by 
creatinine. The evidence appears to justify us in concluding that there is no 
appreciable amount of arginine pre-existing in the heart. Table VII summarizes 
the available data on the apparent arginine content of control and glucose- 
perfused hearts, and we have estimated the true arginine content of arginine- 
perfused hearts by subtracting the mean of all the figures in this table from the 
total arginine found. 


Table VII. Apparent preformed arginine content of rabbit hearts 


Controls Glucose-perfused 
SSS SSS ee OD 
No. Dry wt. Arginine Dry wt. Arginine 
g. mg. No. g. mg. 
44C 0-37 0-23 
106 0-44 0-39 
104 0-50 0-32 
48 C 0-71 0-24 
45 C 0-74 0-27 
51C 0-80 0-29 
58 C 0-89 0-34 
86 0-98 0-35 
49 C 1-03 0-34 
57 C 1-04 0-32 
82 1-10 0°35 
78 1-10 0-19 
60 C 1-19 0-32 
62C 1-30 0-26 
59 C 1-38 0-38 
61C 1-39 0-29 
83 1-43 0-19 
92 1-49 0-31 
93 1-51 0-24 
47 1-95 0-26 
Mean 0-30 Mean 0-29 


Further, during the perfusion water passes from the perfusate into the heart. 
If arginine diffuses into the heart in amount corresponding to the water which has 
passed in, the passage of arginine into the heart will not affect the significance of 
the value for the arginine disappearance obtained by analysis of the perfusate. 
But if more or less arginine is present in the heart than corresponds to the extra 
water, the arginine disappearance estimated from the perfusate will be corre- 
spondingly too great or too small. Fortunately, as the data presented in 
Fig. 7 show, an excellent estimate of the expected water content of a heart of 
known dry weight can readily be obtained, and the difference between this 
estimate and the observed water content of the heart gives the value of the 
extra water in g. We have not made any correction for the conversion of g. into 
ml. at the perfusion temperature, since the correction is infinitesimal compared 
with the error of the estimation of the extra water. The extra water, reckoned in 
ml., is multiplied by the arginine content of 1 ml. of the final sample of perfusate, 
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and from the product is subtracted the arginine content of the heart (less the 
apparent arginine). The result of this procedure gives a correction which has to 
be applied to the estimated arginine disappearance from the perfusate. 
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Fig. 7. Control observations on the relation between heart dry weight and heart water content. 
Regression: y = 2-562 — 0-67. 


This procedure has been applied to 14 perfusions, in ten of which animals in 
the upper group were used. In the remaining four, young animals were used. 
The results, together with the steps in deriving the correction, are collected in 
Table VIII. 

Table VIII. Correction of arginine disappearances 


Arginine 
Total disap- 
Arginine Pre- account- pearing 
Heart Extra inextra formed able Arginine from 
Per- dry wt. water water arginine arginine in heart (5)-(6) perfusate 
fusion g. g. mg. mg. mg. mg. mg. mg. (8) +(7) 
no. (1) (2) (3) (4) (5) (6) (7) (8) mg. 
68 1-37 2-19 0-27 0-29 0-56 0-45 0-11 1-74 1-85 
76 1-42 2-10 0-27 0-29 0-56 0-53 0-03 2-42 2-45 
80 1-16 1-55 0-20 0-29 0-49 0-50 -—0-01 1-44 1-43 
107 1-51 2-55 0-38 0-29 0-67 0-68 -0-01 2-50 2-49 
95 1-36 1-85 0-28 0-29 0-57 0-60 — 0-03 1-75 1-72 
96 1-37 1-85 0-27 0-29 0-57 0-44 0-13 1-67 1-80 
97 1-29 2-22 0-34 0-29 0-64 0-50 0-14 1-65 1-79 
99 1-32 1-82 0-27 0-29 0-56 0-33 0-23 1-92 2-15 
100 1-40 1-36 0-20 0-29 0-49 0-48 0-01 2-36 2-37 
101 1-18 2-32 0-31 0-29 0-60 0:37 0-23 1-57 1-80 
87 0-40 0-51 0-08 0-29 0-38 0-67 -0-29 0-19 —-0-10 
103 0-39 0-26 0-04 0-29 0-33 1-04 -0-71 0-42 — 0-29 
105 0-45 0-81 0-13 0-29 0-42 1-01 — 0-59 0-48 —0-11 
108 0-80 1-42 0-21 0-29 0-50 111 -0-61 1:24 +0-63 


Two interesting points emerge. In the first place, the correction is not of any 
great importance in perfusions in the upper group, and it is unlikely that the 
errors inherent in its estimation can affect seriously the observed relation between 
arginine disappearing and total creatinine appearing. Secondly, the hearts from 


72 
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young animals contain proportionately very large amounts of arginine. This 
observation is consonant with the view that the small hearts do not utilize the 
arginine which diffuses into them from the perfusates, whereas the large hearts 
do. In fact Table [IX appears to show that, in the small hearts, not only is all the 
water of the heart in diffusion equilibrium with the perfusate, but a variable 
amount of arginine is adsorbed on to the heart solids as well. 


Table IX. The arginine content of arginine-perfused young rabbit hearts, in 
relation to the arginine content of the perfusate 


(The two figures given for the arginine content represent the total arginine found less 0-19 and 
0-39 mg. respectively, these being the extremes of the values found for preformed apparent arginine 


of the heart.) 
mg.arginine _Perfusate: 


Heart dry wt. Heart water Heart arginine per 100g. _=mg. arginine 

No. g. g. mg. heart water _ per 100 ml. 
87 0-40 2-21 0-28-0-48 13-22 15 
103 0-38 1-92 0-65-0-85 34-44 16 
105 0-45 2-63 0-62-0-82 23-31 16 
108 0-78 4-13 0-72-0-92 17-22 15 


In Table X estimates are collected of the extra creatinine appearing in the 
arginine-perfused heart made (a) by applying the relation derived from the 
heart dry weight-total creatinine regressions, ie. by calculating AC, (b) by 
calculating the amount of creatinine corresponding to the uncorrected arginine 
disappearance and (c) by making the same calculation for the corrected arginine 
disappearance. It is clear that the ratio of the amount of creatinine calculated 
by either (5) or (c) to the amount calculated by (a) is remarkably close to unity 
for the hearts in the upper group, and that the major effect of the correction is 
to bring the more aberrant ratios nearer to unity. In the lower group no ratio 
can be calculated since the expected extra creatinine is zero. But the mean dis- 
appearance of arginine in four experiments is only 0-03 mg. (see Table VIII). 
Even if fortune had not favoured us with such a satisfying figure for the mean 
disappearance in the lower group, it would have been obvious that the changes 
in arginine content of the system in the lower group are different in character 
from those in the upper group, and that the results of estimations of arginine 


Table X. Relation of calculated creatinine appearance in arginine perfusions 
to the disappearance of arginine 


Creatinine Creatinine 
equivalent of equivalent of | Creatinine 
uncorrected corrected appearance 
arginine dis- arginine dis- calculated 
Perfusion appearance appearance from regression 
no. AA AA’ AC AA/AC AA’/AC 
68 1-13 1-21 1-32 0-86 0-92 
76 1-57 1-59 1-43 1-10 1-1 
80 0-94 0-93 0-88 1-07 1-06 
95 1-13 1-12 1-30 0-87 0-86 
96 1-09 1-17 1-32 0-83 0-89 
97 1-07 1-16 1-16 0-92 1-00 
99 1-25 1-39 1-22 1-02 1-14 
100 1-53 1-54 1-39 1-10 1-11 
101 1-02 1-16 0-93 1-10 1-25 
107 1-62 1-63 1-62 1-00 1-01 


The mean value of AA/AC is 0-99 0-03. 
The mean value of AA’/AC is 1-04 0-04. 
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disappearance are in full accord with expectations based on the comparison of 
total creatinine-heart dry weight regression lines. We are in some necessity to 
emphasize the validity of our method of estimating the most probable value of the 
extra creatinine from regression lines, since, so far as we are aware, such a 
method has not previously been utilized for metabolic studies, except in the 
instance of earlier investigations by one of us into the source of carbon for purine 
synthesis in birds [Fisher, 1935, 1, 2]. 

We believe that these results show conclusively that the adult rabbit heart is 
capable of converting arginine quantitatively into creatine. In view of the 
quantitative character of this conversion, as demonstrated in Table X, the 
results obtained when known amounts of glycocyamine were added to heart 
extracts (Tables III a and IV) and the close correspondence observed between 
estimations of the total creatinine of arginine-perfused hearts by the micro- 
and macro-methods render it very unlikely that we have been observing a 
conversion of arginine into glycocyamine. For example, an appearance of 
1-30 mg. extra creatinine (Table X, perfusion 95) corresponds to an increase 
over the normal value of 0-13 mg. creatinine in the 20 ml. samples taken for 
estimation by the macro-method. From Table IV it will be seen that at least 
1 mg. of glycocyamine would have to be present in the sample to account for 
the apparent increase in creatinine, or 10 mg. in the whole heart, an amount con- 
siderably in excess of the equivalent amount of arginine which has disappeared 
(1-75 mg.). Further, since the micro-method is only one-fifth as sensitive to the 
same amount of glycocyamine as is the macro-method, an amount of glyco- 
cyamine sufficient to produce 1-30 mg. apparent extra creatinine by the macro- 
method would estimate as only 0-26 mg. apparent extra creatinine by the micro- 
method, a difference of over 1 mg. From this it could be expected that, if 
glycocyamine were really responsible for the observed increases in total 
creatinine, there would be a systematic difference of the order of 5y/ml. between 
the estimation of total creatinine by the two methods. Since the observed 
difference in arginine-perfused hearts is +0-73+0-67 y/ml., this condition is 
obviously not fulfilled. 

We also have evidence which excludes the other possibility, namely that the 
increase in total creatinine is due to an increase in preformed creatinine. Pre- 
formed creatinine was estimated in three instances, one control heart (62 C), 
and two arginine-perfused hearts, one from an animal in the low body-weight 
group (108), and one from an animal in the high group (107). The preformed 
creatinine of control 62 was 0-21 mg. or 2-14 % of the total creatinine. That of 
No. 108 was 0-22 mg. or 4-04 % of the total creatinine of the system heart plus 
perfusate, and that of No. 107 was 0-32 mg., or 2-98 % of the total creatinine of 
the system. In the perfusions, the preformed creatinine was evenly divided 
between the heart and the perfusate. From these data it is apparent that the 
amount of preformed creatinine is far too low to account for the extra total 
creatinine, and that the proportion of the total creatinine which is preformed 
does not appear to be affected by arginine perfusion. The hypothesis that 
arginine is converted into creatinine can therefore be dismissed on two counts, 
and the conclusion that these experiments comprise a demonstration of the 
synthesis of creatine from arginine is well established. 


Discussion 


Our finding of a quantitative conversion of arginine into creatine in the 
isolated rabbit heart is at variance with the ccuclusions of Rose [1935] and of 
Hunter [1928]. Rose says: ‘‘ Arginine is still regarded by some as the source of 
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creatine or creatinine or both”, and Hunter is of the opinion that “‘so 
large a body of almost purely negative evidence [concerning the formation of 
creatine from arginine] leads one rather forcibly to suspect that, if creatine is 
related to arginine at all, its mother substance must be, not the free amino-acid, 
but the still-combined arginine of the muscle or other protein”. 

Despite these pronouncements, we believe that, having regard to the limita- 
tions of the experimental methods employed by other workers, our results are 
not at variance with the evidence on this point which is to be found in the 
literature. 

Since it is clear that arginine will be required in the organism for protein 
synthesis, and for the maintenance of the mechanism for urea synthesis [Krebs & 
Henseleit, 1932, 1, 2], and that it is likely to be lost also by reason of the action 
of arginase and deaminases, it appears that only a small proportion of injected 
or ingested arginine is likely to be available for creatine synthesis. Indeed, the 
early experiments of Thompson [1905; 1906] on dogs appear to show that 
50-96 %, of ingested arginine is promptly excreted as urea even when the amount 
given is as high as 0-5-1-6 g. per kg. per diem. Kiech ef al. [1931] have shown 
that the white rat behaves very similarly and that 79 % of ingested arginine is 
recovered in 5 hr. as urea when the dose is 1-1 g. of arginine per kg. It follows 
that very high dosage with arginine may well be necessary to provide arginine 
in such excess of the organism’s capacity to catabolize it as to permit of an 
appreciable synthesis of creatine, and the only simple criterion of the provision 
of this excess would appear to be the demonstration of the excretion unchanged 
of an appreciable fraction of the administered arginine. Using this criterion, no 
single investigation into the effect of arginine on creatine excretion is satisfactory, 
since arginine excretion has never been studied in such an investigation. Further- 
more, even if this criterion were satisfied, there is the further difficulty that an 
approach to quantitative recovery of ingested creatine is obtained only when 
massive doses are used, and the percentage recovery falls off rapidly as the dose 
diminishes [see Hunter, 1928, p. 140]. Thus, if we accept a figure of 20% of 
ingested arginine as available for conversion into creatine and 30% for the 
recovery in the urine of the creatine formed, it follows that even a quantitative 
conversion of the available arginine would result in the recovery as creatine of 
only 7 % of the administered arginine. In addition, a recovery of this magnitude 
could be expected only if the dose of arginine was at least 1 g. per kg. 

There is yet another caveat to enter against the facile interpretation of the 
effects of arginine administration upon creatine excretion. Scull & Rose [1930] 
have shown clearly that the increase in the arginine content of growing white 
rats placed on an arginine-low diet may be two or three times as great as their 
arginine intake during the experimental period, and it is legitimate to speculate 
that the administration of arginine in excess of the normal amount in the diet 
might well diminish this synthetic activity, with the result that, unless the 
arginine dose were massive, the total arginine available for metabolic processes 
might not be significantly increased by arginine administration. We believe 
therefore that, having regard to the difficulties which we have shown to exist in 
the recovery of ingested arginine as creatine, the published results of investiga- 
tions into this problem are consonant with the interrelation of these substances 
in metabolism. The results of the published investigations into the effect of 
arginine administration on the excretion of creatine and creatinine are shown in 
condensed form in Table XI. 

It will be observed that in the two species, the rabbit and the dog, in which a 
considerable number of observations have been made, the positive observations 
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Table XI. The recorded effects of arginine administration on the total 
creatinine of the urine. 


Average 
No. of length Arginine dose 
Animal exps. days g. per kg. Effect Authors 
Duck 15 2 0-22-0-59 Thompson [1917] 
Rabbit 2 3 0-45-0-90 “ Jaffe [1906] 
+ 1 1-25-2-27 + Shapiro & Zwarenstein [1932] 
8 2 1-00 + Thompson [1917] 
Dog 3 1 0-08-0-12 -* Lieben & Laszlo [1926] 
1 35 0-06-0-12 - Grant et al. [1929] 
2 2 0-29 ~ Baumann & Hines [1918] 
14 2 0-22-0-31 = Thompson [1917] 
Pig 6 1 0-14-0-17 Gross & Steenbock [1921] 
Man 2 35 0-02 ~ Hyde & Rose [1929] 


* Phlorhidzinized dogs. 


outnumber the negative. Three of the six negative observations on the dog were 
made on phlorhidzinized dogs. One of the remaining three was made using an 
extremely low dose. On the other hand, out of 16 observations on animals 
receiving more than 0-2 g. of arginine per kg. 14 yielded positive results. The 
only other negative observations were those of Hyde & Rose on man, and here 
the dosage was lower than any other recorded. 

One further objection may be raised here to Hyde & Rose’s work, which will 
apply also to the single negative observation recorded by Grant ef al. on the dog. 
In both these experiments arginine was fed daily for a considerable period of 
time, and the objection may be raised that Edlbacher & Schuler [1932] have 
produced evidence of an increase in arginase activity of skeletal muscle as a 
result of the administration of arginine to guinea-pigs, and they are of the 
opinion that the total arginase activity of the organism may possibly be increased 
by such means; it follows that prolonged administration of arginine may well 
defeat its own object, in that the rate of destruction of arginine may rise as 
the administration continues. 

Some of Thompson’s [1917] experiments are interesting in this connexion. 
He noticed that a repetition of the administration of arginine to dogs usually 
failed to cause any increase in creatine output, or produced far less increase than 
the initial dose. On the other hand, repetition of arginine administration was 
almost or completely without influence on the increase in the creatine output of 
ducks. In view of the well-known fact that the arginase content of birds is very 
small in comparison with that of mammals, this observation would seem to 
support Edlbacher’s opinion concerning the effect of arginine administration on 
arginase content of the organism. 

It appears to be justifiable to summarize Table XI by saying that 47 observa- 
tions on four species have yielded positive results and two observations of an 
unexceptionable character have yielded negative results, whilst three others 
which are questionable by virtue of the length of the experiment and the small 
size of the dose have also yielded negi.ive results. The total is made up by five 
negative results each of which is questionable in view of the small size of the 
dose. On this ground we feel confident in concluding that the published evidence 
is consonant with the view that arginine can be converted into creatine in the 
vertebrate organism. But such evidence is no proof of such a conversion, since 
it is still possible to adduce as alternative explanations of the increase in 
creatine output following arginine administration not only all those hypotheses 
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adumbrated in the introduction to this paper but also such additional ones as the 
elution of creatine from some site of adsorption in the tissues, the arginine acting 
as an eluant by virtue of the guanidine grouping which it has in common with 
creatine, and also the inhibition of renal reabsorption of creatine (a process 
which has never been formally demonstrated, which is, however, extremely 
likely to occur). 

There are two other investigations which bear on the work which we have 

reported. Baumann & Marker [1915] failed to obtain any increase in creatine 
when they added arginine to the defibrinated blood perfusing the isolated hind- 
limb of a dog. Adequate data for the calculation of the total creatine are not 
presented, i.e. the creatine content of 1 g. of dry muscle before and after per- 
fusion is given, but there are no figures for the total weight of muscle on the 
perfused limb, and no controls on the uniformity of the creatine contents of 
different samples of muscle from the same limb. Furthermore no glucose or 
other nutrient was added to the perfusate to maintain the condition of the limb, 
although the perfusions lasted for 75 and 110 min. respectively. Despite these 
defects the indication is that in both perfusions slight increases in creatine did 
occur. 
Thomas [1920] also reported a failure to observe any conversion of arginine 
into creatine in perfused limbs, but no experimental details are given. Two other 
investigations have been reported in which the effect of the perfusion of the 
isolated heart on the total creatinine has been examined. Weber [1908] carried 
out one perfusion of a dog heart and three perfusions of cat hearts in which the 
total creatinine of the heart and the perfusate was determined. No conclusions 
germane to the present work can be drawn from these experiments. Herrmann 
et al. [1934] and Decherd e¢ al. [1934] perfused rabbit hearts with Ringer-Locke 
solution (0-1 % glucose) in a closed-circuit type of apparatus. In the first group 
of experiments no provision was made for oxygenation of the perfusate, and the 
provisions which were made in the second group (oxygen lift) appear to have been 
inadequate, since 250 ml. of perfusate which had not been previously oxygenated 
were placed in the reservoir at the beginning of the perfusion. No determinations 
of the total creatinine of the perfusate were made, and it seems that the amount 
present in the perfusate may have exceeded 20% of the total. We have fre- 
quently found as much as 10% of the total in our perfusates, when the total 
volume has been in the neighbourhood of 100 ml. Decherd et al. [1934] report 
four perfusions in which arginine was used in a concentration which is not stated. 
The results are expressed in terms of mg. total creatinine per 100 g. of heart and 
are compared with the corresponding figures from ten control hearts, a pro- 
cedure which we have shown to be fallacious. The sex and size of the animals 
used are not stated. We do not believe that any of these investigations provide 
reason for modification of our view that creatine can arise from arginine in 
vertebrate metabolism, and we believe that our demonstration of a quantitative 
conversion is decisive in the establishment of this conclusion. Other experiments 
have therefore been commenced in which we hope to verify this quantitative 
conversion by other means. 

We do not wish to discuss in detail at present the curious relation established 
in male rabbits between total creatinine and heart dry weight. However, it is 
of interest to note that Fig. 6 seems to show that, on perfusion with arginine, 
the creatine content of post-pubertal hearts tends to come into line with that for 
pre-pubertal ones. Since the regression for the pre-pubertal control plus glucose- 
perfused hearts passes practically through the origin, i.e. the total creatinine in 
these hearts is directly proportional to the dry weight, the following tentative 
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hypothesis would fit the facts: before puberty the creatine content increases in 
direct proportion to the increase in solids in the heart because the synthesis is 
limited only by the accumulation of creatine, and there is, naturally, a limiting 
concentration of creatine, which is that attained in these hearts; post-pubertally 
some other factor, probably hormonal, inhibits synthesis to such an extent that 
the limiting concentration is not reached, with the consequence that the more 
the heart grows post-pubertally the further its creatine content falls below that 
to be expected on the basis of the pre-pubertal relation. With the additional 
assumption that the inhibiting factor has its origin outside the heart tissue, 
the increase in creatine content of post-pubertal hearts when arginine is added 
to the perfusate is easily explained: the inhibiting factor is diluted during 
perfusion, and then, since the creatine concentration is below the limiting value, 
synthesis can occur until that level is approached. As it is immediately apparent 
that this hypothesis provides a basis for a number of investigations, work on the 
relation between total creatinine content and heart dry weight has already been 
begun on the white rat, in the hope of demonstrating the discontinuous relation 
which is fundamental to this hypothesis. Further work on the failure to demon- 
strate creatine synthesis in young animals is also planned. 


SUMMARY 


The isolated male rabbit heart, perfused for 2 hr. with a modified Ringer- 
Locke solution, exhibits no change in total creatinine content. When arginine is 
added to the perfusate, the total creatinine of hearts from post-pubertal animals 
increases to an extent which corresponds almost precisely with the amount of 
arginine which disappears. No increase in total creatinine is observed in these 
conditions in hearts from pre-pubertal animals. 

Evidence is adduced to show that the increase in total creatinine is due 
solely to an increase in creatine. 


We wish to express our thanks to Prof. Peters for the facilities afforded for 
this work, and for his interest in it; to Sir Henry Dale for the loan of the per- 
fusion apparatus; to the Royal Society for a grant in aid of expenses; to the 
Christopher Welch Trust for a grant for the purchase of a colorimeter; and to 
Messrs Poulter, Clark and Cox for invaluable technical assistance. 
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APPENDIX 


Table XII. Total creatinine of control hearts 


Heart Heart Total 
Body wt. dry wt. wet wt. creatinine 

No. kg. g. g. mg. 
39 C 0-99 0-32 1-61 2-58 
40 C 0-99 0-35 1-77 2-74 
44C 0-86 0-37 1-79 3-06 
50 C 0-98 0-41 2-04 3°31 
10C 1-21 0-64 2-44 4-65 
24C 1-23 0-77 3-59 6-16 
11C 1-24 0-84 3-73 5-70 
3C 1-30 0-50 2-60 3°37 
48 C 1-42 0-66 3-05 5°81 
42C 1-44 0-60 2-83 4-95 
46 C 1-52 0-71 3-18 5-78 
34C 1-62 0-66 3-09 5-60 
23 C 1-63 0-79 3-56 5-98 
45 C 1-63 0-74 3:24 5-59 
51C 1-64 0-80 3-44 5-86 
58 C 1-73 0-90 4-05 7-25 
38 C 1-74 0-70 3-24 5-16 
9C 1-76 0-86 4-51 6-12 
35 C 1-79 0-63 2-92 4-18 











No. 
12C 
28 C 
49 C 
6C 
43 C 
52C 
21C 
55 C 
29C 
53 C 
4C 
30 C 
57C 
60 C 
37C 
61C 
41C 
13 C 
59 C 
20 C 
17C 
16C 
22C 
26 C 
47C 
8C 
5C 
62C 


No. 
106 
104 
88 
19 
14 


13 
33 
42 
43 
44 
46 
47 
53 


= 


7 
69 
81 

2 


83 
86 


90 
92 


93 
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Body wt. 


kg. 

2-04 
2-07 
2-08 
2-08 
2-12 
2-42 
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Table XII (cont.) 


Heart 


dry wt. 


g- 
1-16 
0-97 
1-03 
1-37 
0-86 
1-13 
1-40 
0-88 
1-05 
1-10 
1-43 
0-94 
1-04 
1-19 
1-32 
1-39 
1-29 
1-36 
1-38 
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Table XIII. Total creatinine of glucose-perfused hearts 


Body wt. 


kg. 

1-00 
0-95 
1-64 
1-13 
1-58 


2-40 
2-44 
2-03 
2-09 
2-04 
2-95 


Heart 
dry wt. 
g. 
0-44 
0-50 
0-68 


Heart 
wet wt. 


APHIS % 
© Or or 


m Ors 
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Heart Total 
wet wt. creatinine 
g. mg. 
4-44 7-49 
3-96 6-20 
4-77 7-75 
4-48 8-73 
3°94 6-98 
5-01 7-21 
5-29 9-77 
4-10 6-14 
4-20 6-56 
4-60 7-75 
6-60 9-32 
4-37 7-30 
4-42 6-60 
4-64 6-91 
5-56 8-63 
5-69 9-50 
5-10 8-39 
5-83 8-27 
5-76 9-91 
5-53 8-33 
5-78 8-10 
5-37 7-90 
6-30 9-49 
4-96 7-67 
7-36 11-22 
5-57 7-90 
6-86 10-17 
5-50 9-80 
Total creatinine (mg.) 
a ietiieal 
Heart Perfusate 
2-99 0-34 
3-17 0-36 
5-12 0-19 
4-48 0-39 
5-84 0-28 
7-97 0-59 
6-66 0-23 
5-95 0-53 
7-01 0-53 
7-35 0-49 
7-56 0-32 
5-68 0-67 
8-55 0-36 
7-88 0-42 
6-91 0-31 
8-33 0-78 
7-62 0-30 
9-63 0-36 
8-00 0-32 
9-05 0-32 
8-78 0-47 
7-97 1-44 
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Table XIV. Total creatinine of arginine-perfused hearts 


Body wt. 
kg. 
1-11 
1:77 
1-60 
1-05 
0-80 
1-00 
1-38 
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Heart 
dry wt. 
g. 
0-50 
0-71 
0-57 
0-40 
0-38 
0-45 
0-80 
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Heart 
wet wt. 
g- 
3-21 
3-89 
3-98 
2-62 
2-31 
3-08 
4-93 


8-33 
4-98 
5-87 


© 
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7:38 
7-48 
7-20 
7-01 
7-20 


8-60 





Total creatinine (mg.) 


ae 
Heart 


Perfusate 


0-37 
0-29 
0-52 
0-31 
0-42 
0-40 
0-98 


0-97 
0-39 
0-37 
0-52 
0-62 
1-72 
0-41 
0-34 
0-75 
0-49 
0-55 
0-83 
0-67 
0-61 
0-62 
0-96 
0-82 
1-49 
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EVIDENCE was put forward [Davson ef al. 1936; Benham et al. 1937] to show: 
(a) that the distributions of Na+, K+ and Cl- in the blood and aqueous humour 
of cats are such that, so far as these ions are concerned, a Gibbs-Donnan equili- 
brium exists between the two fluids, and (6) that the total osmolar concentrations 
of the two fluids show values consistent with the hypothesis that the aqueous 
humour is a dialysate of the capillary blood, in dynamic equilibrium with it 
across the capillary walls. Previous evidence advanced by Duke-Elder [1927] 
showed that the theory of the origin of the aqueous humour as a secretion from 
the ciliary glands was not upheld when the facts of chemical, hydrostatic, 
osmotic and electric equilibria were taken into consideration. 

According to the theory of dialysis, however, diffusible non-electrolytes such 
as urea and glucose should be distributed equally on the two sides of the 
membrane, if it is assumed that the membrane is a simple non-selective one. 

In view of the discrepant results obtained by Walker [1933], in which he 


——— as varying between 0-49 and 0-95, it was thought 
urea blood . 


desirable to perform a micro-estimation of urea in the aqueous humour and blood. 


Method 


The conductimetric method of Ranganathan & Sastri [1936], modified in a 
few details, was used. This method depends on the fact that the increase in 
electrical conductivity of the urea-urease system is a true measure of the 
liberation of electrolyte by the hydrolysis of urea. The changes in conductance 
were found to be considerable and observable even when using 0-05 mg. urea. 
The method is to be recommended for use with small quantities, owing to its 
simplicity and rapidity. 


showed the ratio 


Apparatus 


The apparatus for measurement of conductivity consisted of a valve-oscillator, 
as a source of alternating current, and a telephone receiver for detecting the 
null-point. The bridge components were a constant-value ratio-box, a 6-dial 
non-inductive resistance box and a specially constructed cell of the Ostwald 
type. The capacitance of the cell was balanced by means. of a system of con- 
densers, which could be plugged in at will in parallel with the resistance-box. 
All experiments were done at 25+0-02°. 


Procedure 


1 ml. of M/20 phosphate buffer pH 7 and variable quantities of a known 
urea solution were placed in the cell and made up with distilled water to 3-5 ml. 
The equilibrium value for the resistance of this solution was obtained after 
30 min. (R,). 0-5 ml. of a freshly prepared urease solution, the diluting effect of 
swhich was determined in blank experiments, was then added, and the contents 
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were well mixed without violent shaking. Readings were taken every minute for 
the first 5 min. and subsequently at intervals until a constant value was again 
obtained (R,). Table I gives a typical set of readings. Values are represented as 
specific conductance L, obtained by dividing the cell-constant K by R, the 
resistance. The cell-constant in these experiments was 0-8208. 


Table I 
R,, (corrected 
for diluting R, (on addition 
Urea added R, effect of urease) of urease) Time 
mg. ohms ohms ohms min. 
0-393 311-0 344-0 361-0 1 
360-0 2 
335-0 3 
322-0 4 
310-0 5 
306-5 10 
306-0 20 
306-0 40 
306-0 45 


-\ ORO 
Ly (z-) =~ =0-002379, 

K\ __0-8208 

2 3) ~306-0 

whence the change in specific conductance L, —L,, 


=0-000306. 
=3-06 x 10-4. 


=0-002685, 


The temporary increase in resistance on addition of urease is due to the 


initial cooling effect of the latter. 
Table II shows the changes in specific conductance (Z,—L,,), corresponding 


to quantities of urea from 0-197 to 1-965 mg. 


Table II 
mg. urea (LZ, — £4) x 104 mg. urea (ZL, — £,,) x 104 
0-197 1-40 1-179 8-91 
0-393 3-06 1-376 10-09 
0-589 4-66 1-572 11-18 
0-786 6-22 1-768 12-30 
0-982 7-55 1-965 13-60 
1-8r 
15 
162 
Bad 
& 
= 0-9 
eo 
8 
0-6 
0*3+ 
Se 





2 - 6 8 10 12 14 
(ZL — Ly) x 10* 


Fig. 1. Result of plotting (Z, —Z,,) x 10* against mg. urea. 
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The result of plotting mg. urea against L,—L,, gives a graph which is very 
nearly a straight line, as shown in Fig. 1. Since the total change in conductance 
is a quantitative measure of the electrolyte released during the reaction, the 
graph can be used to determine small quantities of urea. 


Application 


Samples of aqueous humour and blood were removed from cats, dogs and 
rabbits. It is advisable not to use whole blood for urea estimations, for Anderson 
& Tompsett [1936] have shown that, unless special precautions are taken, the 
results are apt to be high. Accordingly serum was used and, in one set of experi- 
ments, heparinized plasma (kindly supplied by Dr C. F. Code). 

The procedure was the same as for pure urea solutions, except that 0-4 or 
0-5 ml. of water was replaced by serum or aqueous humour; in every case the 
quantity in the cell was made up to 3-5 ml. without the urease, and 4 ml. with 
the urease. It was found that, at such a dilution, the changes in conductivity in 
the presence of serum proteins did in fact correspond to the changes obtained in 
protein-free solutions. In all cases known quantities of urea were added, and the 
amount recovered in excess of that added was assumed to be that originally 
present in the sample. For example, the following figures show the recovery 
obtained in this way in the case of a sample of serum: 


Amount added Amount recovered Amount in 
mg. urea mg. urea sample 
(1) 0-589 0-735 0-146 
(II) 0-589 0-740 0-151 
(IIT) 0-786 0-929 0-143 


It is seen that from an amount of serum found to contain 0-148 mg. urea, 
together with 0-786 mg. of added urea, the amount actually recovered was 
0-929 mg. as against a theoretical value of 0-934 mg. In view of these typical 
results, it is claimed that the values found for serum represent the true amounts 
present. 


The results obtained are shown in Table III. The first two columns show 


values in mg. urea/100 ml., and the third the ratio aanee™ x 100. By making a 
serum 


standard correction for the protein in the serum and aqueous humour, an 
approximate set of values for mg. urea/100 g. of protein-free solution is shown 
in columns 4 and 5, and the lower ratios thus obtained in the last column. 








Table IIT 
Aqueous Serum 
(corr. for (corr. for 
Aqueous 10 004% 75% Aqueous _ 100 

Aqueous Serum Serum protein) protein) Serum ~ 
Cat 28-17 27-45 102-6 28-19 29-68 94-95 
Cat 33-75 34-47 97-88 33-77 37-28 90-58 
Dog 44-63 43-72 102-1 44-65 47-28 94-45 
Rabbit 13-20 12-80 103-2 13-30 13-83 95-48 
*Rabbit 38-40 42-40 90-57 38-60 46-84 83-80 
*Rabbit 26-16 30-02 87-15 26-18 32-46 80-64 
Rabbit 16-98 17-40 97-63 16-99 18-81 90-33 


* Pooled samples from three rabbits. 
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Discussion 


These findings indicate that such large differences as Walker obtained do not 
appear to be the general rule. Although the aqueous humour contained less 
urea than did the serum, namely between 80 and 96%, the differences are very 
small. 

It is therefore suggested that, although exact equality is not obtained, the 
tendency is towards an equal distribution of urea between the serum and 
aqueous humour. The nature of the membrane, about which so little is known, 
may affect the distribution, so that the relative concentrations at any one time 
do not necessarily determine in which direction urea will pass. It is therefore 
impossible to be at all definite about the interpretation of the urea ratios in the 
serum and aqueous humour. It is nevertheless the belief of the author that the 
existence of the Donnan equilibrium which has been established for Na+, K+ 
and Cl- ions, together with similar although not equal distribution of urea, as 
cited in this paper, present a strong case for the dialysis theory as regards the 
blood and aqueous humour. 


I wish to record my indebtedness to Sir Stewart Duke-Elder and to Prof. 
Drummond for their help and interest; and to the Medical Research Council for 
defraying the expenses of this work and for a personal grant. 
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THE preparation of testosterone from cholesterol [Ruzicka & Wettstein, 1935; 
Butenandt & Hanisch, 1935] was followed by the production of numerous 
derivatives, notably of the series of aliphatic esters by Ruzicka & Wettstein 
[1936]. It was found that esterification prolonged the otherwise transient effect 
of testosterone and, in certain cases, greatly increased the effectiveness of the 
hormone; both the acetate and the propionate have a more prolonged as well as 
a more intense action than the free hormone [Miescher e¢ al. 1936; Parkes, 
1936]. 

Recently prepared derivatives of testosterone include testosterone oxime 
and testosterone oxime propionate, produced by Schwenk and Whitman, and the 
diacetate of the enolic form of the hormone produced by Ruzicka & Fischer 
[1936], who found it slightly less active on capons and slightly more active on 
castrated rats than the monoacetate. Experiments carried out by us on these 
three compounds are recorded below. 


Technique 


The techniques were as previously described by Callow & Parkes [1935] for 
the capon comb test, and by Callow & Deanesly [1935] and by Parkes [1936] 
for the castrated rat test. Doses of the derivatives, except those given in tablet 
form, have all been calculated and compared in terms of the equivalent of free 
hormone. Solutions were made in arachis oil. 


Capon comb test 


Testosterone oxime. Five capons were each injected daily for 5 days with 
100y of the oxime. On the day following the last injection the average comb in- 
crease (L+H) was 65mm. On this stock of capons 500 y of androsterone (51.U.), 
tested similarly, give comb increase of about 5 mm., so that the oxime may be 
considered slightly more active than androsterone. Since testosterone itself is 
about seven times as active as androsterone the oxime derivative may be 
regarded as only about one-fifth as active as testosterone. 

Testosterone oxime propionate. The effect of a total dose over 5 days of 1 mg. 
testosterone given in the form of oxime propionate is shown in Fig. 1. From this 
experiment, the action of the oxime propionate may be a little less intense than 
that of the oxime itself, but its action is obviously prolonged. 

Testosterone diacetate. The second curve in Fig. 1 shows the effect of 1 mg. 
testosterone as diacetate. With this compound the maximum growth is pro- 
duced some days after the last injection. Comparison of the curve with that 
given by Miescher et al. [1936] for the monoacetate suggests that the properties 
of the diacetate as tested on the capon comb are very similar to those of the 
monoacetate. 
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Days after first injection 
Fig. 1. Response of the capon comb to a total of 1 mg. testosterone diacetate and 1 mg. testo- 
sterone oxime propionate: group of five birds on each substance. 


Castrated rat test 
Tests were carried out on castrated rats with the three compounds in order 
to study their actions compared with that of free testosterone and also with those 


Table I. Effects of testosterone diacetate, testosterone oxime and testosterone 
oxime propionate in oil solution on the accessory glands of castrated rats 


Total Total No. of Average weight of 
dose per vol. of injec- —_—_———_ 7 
rat oil tionsin No.of Prostate 8.V. 
Substance mg. ml. 10 days rats mg. mg. 
Testosterone diacetate 1-76 2 10 6 188 121 
eo 5 5 10 5 232 184 
os 2 2 10 10 201 170 
e 2 2 5 10 239 216 
as 2 2 2 10 230 215 
o» 2 2 1 10 164 99 
Testosterone oxime 2 5 2 5 ‘Very slightly above 
controls 
a 2 5 10 5 Very slightly above 
controls 
= 10 5 10 5 62 28 
Testosterone oxime propionate 2 5 2 5 - Very slightly above 
controls 
2 5 10 5 Very slightly above 
controls 
c 10 5 10 5 110 64 
Approximate weight of glands in castrated controls 20 6 


of the acetate and propionate according to the degree of subdivision of the 
total dose. The results are given in Table I, from which the following con- 
clusions may be drawn. 

Testosterone oxime. This compound shows very low activity on rats, 10 mg. 
giving an effect about equal to that of the same amount of androsterone 
(similarly given) on the seminal vesicles and only about one-half that given by 
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10 mg. androsterone on the prostate. The response is less than one-third that 
given by one-fifth the amount of free testosterone. 

Testosterone oxime propionate. This compound was only slightly more 
active, the response to 10 mg. being only one-quarter of that given by one-fifth 
of the dose of testosterone propionate. 

Testosterone diacetate. Comparison of the figures in Table I with those given 
by Parkes [1936] for the monoacetate show that both the intensity and the 
duration of action of the diacetate on the rat are very similar to those of the 


monoacetate. 


Wt. of gland (mg.) 





1 2 5 10 
Interval between injections (days) 


Fig. 2. Influence of degree of subdivision of the total dose on effectiveness of 2 mg. testosterone 
as diacetate given over 10 days. 


It has recently been shown that testosterone is very much more effective 
when administered in dry form by the subcutaneous implantation of a com- 
pressed tablet [Deanesly & Parkes, 1937]. This technique was accordingly tried 
with the oxime. Five rats received tablets of an average weight of 2-6 mg. and 
were killed 10 days later. The weight of the tablet residues removed showed that 
about 12% of the material had been absorbed, but no growth of the accessory 
glands had occurred. 

A similar experiment with testosterone oxime propionate (average size of 
tablet, 3-8 mg.) also gave a negative result; the average loss during the test was 
only 7-5 % of the original weight of the pellet, although these were larger than 
in the previous experiment. 

Tablets of testosterone and cis-androstanediol of the same order of size lose 
respectively about 60 and 10-15% on an average of their weight in 10 days, so 
that both the oxime and the oxime propionate are less soluble in body fluids 
than free testosterone but about as soluble as androstanediol. 


Discussion 


Two points for discussion arise from the above results: (i) the comparative 
inactivity of the oxime and (ii) the similarity of action of the mono- and the 
di-acetate. As regards the first, three possibilities might be considered. 

(a) That the compound is highly soluble in body fluids and is wasted to a 
much greater extent even than testosterone. This possibility is in keeping with 
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the greater activity of the oxime propionate but is contrary to the low activity 
of the oxime on capons (in which wastage seems to be very much less) and to 
what might be expected from its chemical nature. It seems to be finally 
eliminated by the tablet experiments, which show that the solubility in body 
fluids is definitely less than that of testosterone. 

(6) That the oxime is inactive as such, and that the body finds difficult the 
hydrolysis of this particular type of compound. The greater effectiveness of the 
oxime propionate (which is absorbed more slowly) could then be explained by 
supposing that excess oxime above the amount which can be hydrolysed at any 
given time is wasted by excretion or destruction, but the inactivity of the sub- 
stance by tablet administration is still difficult to explain. 

(c) That the oxime can be utilized as such by the body but is of low activity. 
The greater effect of the propionate would then be due, as in the case of testo- 
sterone propionate, to increasing the effectiveness of the manner in which the 
animal gets it. This explanation is also compatible with the results of tablet 
administration, but on general grounds it seems unlikely. 

As regards the activity of the diacetate, its similarity to that of the mono- 
acetate suggests again that the 17-esters are not affected by additional 3-esterifi- 
cation, a conclusion pointed to by recent work on esters of the oestrone series 
[Parkes, 1937]. It would clearly be of interest to examine the biological 
properties of the 3-monoacetate of the enolic form of testosterone. 


SUMMARY 


Testosterone oxime and testosterone oxime propionate are only slightly 
active compared with testosterone and testosterone propionate on either capons 


or castrated rats. 
The diacetate of the enolic form of testosterone shows activity similar to that 


of testosterone 17-monoacetate. 


We are grateful to Dr E. Schwenk and the Schering Corporation of New York 
for making available the compounds used in the work described above. 
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INTRODUCTION 


THE intermediary processes of the carbohydrate metabolism of the young 
embryo attract the interest of the biochemist for two reasons, first because of 
the peculiar succession of sources of energy which seems to occur during em- 
bryonic development, and secondly because of the relationships recently dis- 
covered between carbohydrate metabolism and organiser phenomena. 

A considerable amount of evidence was brought forward six years ago 
[ Needham, 1931, 2, 986 ff.] in support of the view that the utilization of carbo- 
hydrate, protein and fat occurs in a definite sequence during embryonic develop- 
ment. This evidence was derived originally from studies on the hen’s egg, but 
other classes of animals, such as the echinoderms and the Amphibia, proved to 
be quite in agreement with it. No purpose would be served by recapitulating 
these facts here, but it is not too much to say that every relevant investigation 
since that time has further strengthened the generalization. For example, high 
respiratory quotients, indicating carbohydrate metabolism, are associated with 
the earlier phases of development, while values of approximately 0-7, repre- 
senting the combustion of fat, predominate in the later. Indeed, the consensus 
of agreement for widely differing organisms is surprising. Fukahori [1933] has 
confirmed the falling R.Q. of the intact hen’s egg, and the manometric experi- 
ments of J. Needham [1932, 1] agreed with those of Dickens & Simer [1931] in 
showing an R.Q. of unity for the chick embryo in isolation up to the age at which 
its size no longer permits of manometric work. In the case of the minnow, 
Fundulus, Amberson & Armstrong [1933] found an R.q. falling from above 0-9 
on the first day to somewhat above 0-7 for the greater part of the developmental 
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period, and for the latter part of the development of the trout, Salmo, Schlenk 
[1933] obtained figures between 0-65 and 0-72. Then Baldwin [1935] observed 
that the R.Q. of the eggs of the pond snail, Limnaea, is maintained at unity 
throughout their development, side by side with a synthesis of fat sufficient to 
mask any fall of the quotient. The eggs of the crab, Carcinus, studied by J. 
Needham [1933, 1], gave again a markedly falling R.Q., and the work of Nolf 
[1932] on the worm, T'richuris, also supports the rule of a succession of energy 
sources. Finally, and perhaps most remarkable of all, the succession has been 
demonstrated in an insect, the grasshopper, Melanoplus, by Boell [1935]. In 
the first few days of development the B.Q. falls from as high as 1-05 to 0-74, after 
which it keeps at 0-7. 

Some attempt has been made to ascertain the causes of this association. It 
is out of the question to suppose that the carbohydrate supplies of the chick 
embryo are exhausted at the time when it begins an appreciable protein cata- 
bolism. By injecting glucose into the egg on the fourth or eighth day of develop- 
ment [Needham, 1926], it proved impossible to postpone the normal rise in uric 
acid production. Conversely, it was later shown [Needham, 1932, 2] that the 
aerobic action of fluoride on the chick embryo in the early stages is to abolish 
glucose utilization and to substitute for it protein catabolism ending in ammonia, 
the R.Q. remaining unchanged. The normal and almost exclusive use of carbo- 
hydrate, therefore, cannot be due to the lack of the requisite machinery for 
protein deamination and combustion. ‘‘Some as yet obscure necessity’’, it was 
said, “governs the succession of energy sources, something other than the 
required machinery, something other than the availability of the raw materials.” 
But the possibility yet remained that of all the possible substrates, glucose 
was the easiest to deal with (deamination and desaturation being out of court), 
and hence arises the question whether the embryo, like the classical cases of 
muscle and yeast, phosphorylates its carbohydrate, or whether some even 
simpler mechanism takes the place in it of the complicated cycles now known to 
exist in phosphorylating tissues [Parnas, 1936; Parnas & Ostern, 1936; Needham, 
D. M., 1937]. This and the succeeding papers in this series will largely be devoted 
to the problem of phosphorylation in the embryo. 

The second reason for the importance of the study of embryonic carbo- 
hydrate metabolism is its association with organizer phenomena. The pioneer 
work of Spemann and his collaborators [reviewed by Huxley & de Beer, 1934], 
which demonstrated the function of “organization centres” in embryonic de- 
velopment, particularly the primary organizer in the dorsal lip of the amphibian 
blastopore, paved the way for an analysis of the physico-chemical properties of 
the various embryologically distinguishable regions of the gastrula. The progress 
in the investigation of the nature of organizer substances may be found described 
in the reviews of Weiss [1935] and of Needham [1936]; here attention is mainly 
directed to the discovery of Fischer & Wehmeier [1933] that glycogen as 
ordinarily prepared possesses organizer properties, being capable of inducing a 
supernumerary neural tube, and to the subsequent finding of Waddington et al. 
[1935] that this is due to the adsorption on it of an ether-soluble substance or 
substances. Following on the suggestions of earlier workers, Heatley & Lindahl 
[1937] have since found that glycogen specifically decreases in amount in the 
dorsal lip of the blastopore, while its inducing properties have been further 
studied by Heatley et al. [1937]. All this leads to the supposition that the ether- 
soluble organizer substance is associated with glycogen and protein in vivo in 
the form of a complex. And for this reason rapid extensions in our knowledge 
of carbohydrate metabolism in early embryonic life are greatly to be desired, 
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since the very progress of normal morphogenesis itself is now seen to be intimately 
dependent on and linked with normal metabolic processes by way of the morpho- 
genetic hormones called organizers. 


METHODS 


All the work described in this series of papers was carried out on chick 
embryos. Development took place in electrically regulated incubators under the 
general conditions prescribed by Murray [1925]. The eggs used were mainly 
White Leghorn and Rhode Island Red, from the pure-bred flocks of the University 
Farm, Messrs Chivers of Histon, Cambs, Messrs Jackson of Fowlmere, Cambs, 
and the Papworth Industries. A few experiments, however, were made with 
Rhode Island Red/White Wyandotte and Rhode Island Red/Light Sussex 
crosses. 

Individual chemical methods applied for specific purposes will be mentioned 
in the appropriate places, but the manometric experiments, whether two-bulb 
Cremer cups or Dickens-Simer B.Q. cups [see Dixon, M., 1934] were used, took 
place in an electrically regulated water-bath maintained at 38°. When Warburg 
N,/CO, gas mixture was employed, as for nearly all the anaerobic experiments, 
the removal of traces of oxygen was effected by passing the gas through a tube 
containing metallic copper, heated in an electric oven. 

The choice of suitable Ringer-bicarbonate solution for use with embryonic 
avian tissue presented at first some uncertainty. The formula used by Benzinger 
& Krebs [1933] for their experiments on uric acid formation by avian tissue 
slices was tried but proved unsatisfactory, for a spontaneous evolution of gas 
takes place in the manometer, giving as much as 5 cm. excursion in an hour. 
Experiments in parallel on various modifications of the formula, together with 
the mammalian Ringer-bicarbonate of Krebs & Henseleit [1932] led to the con- 
clusion that the higher K and Ca concentrations of the avian Ringer affected the 
bicarbonate dissociation constant so as to throw the solution out of equilibrium 
with the standard gas mixture. Since recent work on the composition of bird 
serum [Dyer & Roe, 1934; Morgan & Chichester, 1935] shows that the amount 
of potassium and calcium in avian serum is not so high as was previously 
thought, it was decided to adopt the usual mammalian Ringer solution. 

In the present series of papers, nomenclature and symbols follow the usage 
of Dickens & Greville [1932] and of K. C. Dixon [1935]. 


AUTOGLYCOLYSIS 


When a chick embryo of 3 or 4 days’ development is placed in Ringer- 
bicarbonate under manometric conditions, a gas output is observed which 
ceases or continues at an extremely low level after half an hour. Since this 
autoglycolysis is very small in proportion to the glycolyses produced when 
certain substrates are present, we have not devoted much attention to in- 
vestigating its nature. The most important question concerning it is whether or 
not it should be subtracted from the glycolysis values. K. C. Dixon [1935], 
comparing the respirations of rabbit brain in the presence and absence of 
lactate, noted that, although the autorespiration fell off greatly, the respiration 
remained relatively steady in each successive hour when lactate was present. 
He therefore concluded that the autorespiration was suppressed by lactate 
addition. Unfortunately the same calculation is not dependable in the present 
case, for whereas the initial autorespiration was 70% of the respiration with 
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substrate, our initial autoglycolyses were never more than 15-20% of the 
glycolyses with substrate. It has therefore seemed safer to adhere to the 
practice of subtracting the autoglycolyses in all cases. 

It is possible, of course, that the autoglycolysis may not be glycolysis at all, 
but acid production of some other kind. That its magnitude may be covered by 
the amounts of free and combined carbohydrate already present in the embryo, 
however, is easily shown. From the data given by Needham [1927] Table I 
has been drawh up: 


Table I 
Carbohydrate per pl. if all ‘ 
Day of embryo (mg.) were used }? if all 
develop- po A, Dry wt. used in 
ment Free Total Free Total (mg.) 23 hr. 
4 — 0-166 — 41 5 +3-3 
5 0-017 0-330 3 82 15 +2-2 
6 0-063 0-536 16 134 29 +1-85 
7 0-100 0-838 25 218 —_ _ 
8 0-210 1-310 52 325 — _ 





Yet the average Q}* value for autoglycolysis between the fourth and sixth 
days is only 1-17, and in general the gas output is only a small fraction of what 
it could be if all the carbohydrate, including that combined in proteins, were 


utilized. 
On the other hand, it is observed that neither fluoride, bisulphite nor 


glyceraldehyde inhibits the autoglycolysis. This is shown in Table IT. 


Table IT 


A plus sign indicates Q**, the remaining figures are pl. from equal quantities of brei. 


Autoglycolysis 
Exp. in presence of 


“Inhibitor” no. Day Conditions Autoglycolysis “inhibitor” 
Fluoride M/50 223 8 Brei 206 206 
Bisulphite 1/20 29 3} Intact +1-02 + 6-65 

30 34 Intact +25 + 55 
dl-Glyceraldehyde 0-12% 56 23 Intact +4-91 + 5-41 
57 24 Intact +9-7 +11-5 
58 3 Intact + 6-83 + 813 
248 8 Brei 62 130 


Furthermore, as will be shown in a subsequent paper in the series, the 
relative amounts of pyruvic acid formed are quite different in the presence and 
absence of glycolysable substrate. 

One of the most evident characteristics of the autoglycolysis is a tendency to 
fall with the age of the embryo. In this it resembles the glucolysis of glucose. 
The fall is probably but an index of enzymic activity in general as related to dry 
weight. It is illustrated in Fig. 1. 

The position of dl-glyceraldehyde in Table II above is somewhat different 
from that of the other inhibitors, since it could itself be a substrate for fer- 
mentation. Hence we can only speak of an increase of autoglycolysis with much 
reserve; the greater acid production may come from the glyceraldehyde itself. 
In a later communication [Needham & Lehmann, 1937] the question of glycer- 
aldehyde disappearance will be taken up. 





Rover ee 
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| [ | j one embryo 





Age in days 


Fig. 1. Decline of rates of autoglycolysis, glucolysis and mannolysis with age of the chick embryo 
(autoglycolysis not subtracted). ° glucose; e mannose; x autoglycoly sis. 


GLYCOLYSIS OF VARIOUS SUBSTRATES 


The extent of anaerobic glycolysis with a variety of substrates is shown in 
Table III. Among the monosaccharides it is at once clear that only mannose is 
used comparably with glucose. Although at first galactose appeared to be used, 
this was shown to be due to the presence of traces of glucose as impurity, since 
galactose purified according to the method of Stephenson & Yudkin [1936] by 
previous fermentation with Saccharomyces cerevisiae gave values no higher than 
the autoglycolysis. Glucosamine also remained quite unutilized. 

The decline of glycolytic power with age was strikingly exhibited. As far 
as glucose is concerned this only confirms the earlier work of Kumanomido 
[1928] and the concurrent work of Hanaoka [1936], but it was interesting to 
find that for mannose also exactly the same relation held good, suggesting that 
the same enzyme system is at work. The curves are shown i in Fig. 1. 

The mannoly sis of the chick embryo is of significance in view of the isolation 
by Levene & Mori [1929] of a trisaccharide from egg white, containing glucos- 
amine and mannose. Coagulated egg white contains 1-9°% of the substance, 
ovalbumin 0-26% and ovomucoid 5:1%. It was also obtained from yolk. 
According to Levene & Rothen [1929] the prosthetic group of the molecule 
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Table IIT 
Day of 
develop- Average 

Substrate Exp. nos. ment Qr 
Glucose 1, 2, 21-25, 27, 28, 31-33, 35, 3-4 16-75 

37-39, 40-42, 57, 94 4-5 12-5 

Glucosemonophosphate 54 4-5 0-0 
Mannose 5, 6, 40-42, 58, 60, 94 3-4 17-98 
4-5 7-37 
5-6 6-69 

Mannosemonophosphate 43 4-5 0-0 
Hexosediphosphate 3, 4, 23, 33 4-5 0-18 
Hexosemonophosphate 3, 4, 21, 31, 32, 35 4-5 0-52 
Glycogen 1, 2, 22, 23, 24, 25, 27, 28 3-4 0-28 
4-5 0-17 
Glucosamine 4446 4-5 0-54 
Fructose 5, 6 4-5 0-68 
Galactose 6a 4-5 2-38 
8 (purified) 4-5 0-07 
Sorbose 51, 52, 94 4-5 0-09 

Arabinose 47-49 3-5 0-0 

Xylose 17 4-5 0-0 
Maltose 8 4-5 0-28 
Lactose ae 4-5 0-01 
Trehalosemonophosphate 50 4-5 0-04 
Raffinose 17 4-5 0-0 
Autoglycolysis —- 4-5 0-65 


All carbohydrates used at a concentration of 0-25%, ie. 5 mg. per cup. Autoglycolysis always 
subtracted. 


consists of four trisaccharides each containing one molecule of glucosamine and 
two of mannose. The presence of mannose in egg albumin had first been shown 
by Frankel & Jellinek [1927], and after the work of Levene and his colla- 
borators the subject was further pursued by Sorensen [1934], who found amounts 
of mannose and galactose varying from 1-7 to 14-9 % in the various proteins of 
egg white. Onoe [1936] explained the findings of Levene on yolk by isolating a 
vitellomucoid, the carbohydrate moiety of which contained glucosamine and 
mannose in the same proportions as Levene’s trisaccharide. 

Closer examination was made of the egg protein trisaccharide and other 
related compounds at a later stage, as will be referred to in its place. 

Continuing the description of Table III, it will be seen that fructose is un- 
touched. So also is the parent pentose of glucose and mannose, arabinose and 
the monosaccharide sorbose, which, like galactose, belongs to a stereoisomeri- 
cally more distant group of sugars. Correspondingly, xylose was, as expected, as 
inert as arabinose. The disaccharides maltose and lactose, and the trisaccharide 
raffinose, were all unattacked. 

Somewhat contrary to expectation, however, was the absolute failure of the 
embryo to glycolyse glycogen or any of the phosphorylated hexoses. The hexose- 
diphosphate in the table is 1:6-diphosphofructofuranose (Harden & Young); 
the hexosemonophosphate obtained commercially was probably a mixture of 
6-phosphofructofuranose (Neuberg) and 6-phosphoglucopyranose (Robison) to- 
gether with some 15% of mannosemonophosphate and minor amounts of two 
other sugars. We also had at our disposal, however, pure specimens of glucose- 
monophosphate and mannosemonophosphate [Robison, 1932; Jephcott & 
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Robison, 1934]. Trehalosemonophosphate [Robison & Morgan, 1928] was also 
tested, with negative results. 

This is the place to obviate certain possible criticisms. In the first place, 
embryos placed in manometers in Ringer solution with no bicarbonate give 
rise to practically no pressure change over a couple of hours (Exp. 148), thus 
showing that the formation of a fixed acid is taking place in experiments con- 
ducted normally. That the acid produced is lactic acid was shown by the 
following experiment (156): 


Groups of manometers were set up as usual and after varying times removed from the bath and 
the lactic acid then estimated according to Friedemann et al. [1927]. The observed acid production 
and the estimated lactic acid differ by an amount roughly equal in each case to the glycolysis 
which had been proceeding during the preparation and equilibration of the cups in the bath 
(5-2 mg. calculated from the } hr. reading). 


Plus un- 
Time after registered 
beginning Av. Total Calculated _—_ glycolysis Estimated 
readings Qré pl. mg mg. mg. 
4 hr. +8-85 1396 5-61 10-8 10-8 
1 hr. +7-12 2373 9-54 14-74 14-57 
2 hr. 20 min. +4-84 2467 9-95 13-85 12-04 


That the negative results obtained with many substrates could not be due to 
rapid consumption before the beginning of the readings, was shown by special 
experiments in which the substrates were tipped in from side-bulbs after gaseous 
equilibrium had been attained (Exps. 161, 168 and 170-175). 

It has often been suggested that a failure to glycolyse phosphorylated 
hexoses and glycogen may be due rather to an impermeability of the cells to 
these substances than to any metabolic peculiarity. In a later paper in this 
series [Needham & Lehmann, 1937] we shall bring forward strong evidence 
to show that the phosphorylated hexoses do penetrate the embryonic cells. For 
polysaccharides the contention is, indeed, more plausible, but even here, there 
are experiments by Haarman [1932, 2] on minced mammalian tissues which 
show that glycogen is split by all these to hexose, irrespective of the extent of 
lactic acid formation, and hence must have entered the cells. Finally, we have 
to reckon with the base neutralizing the phosphorylated hexoses, but although, 
as Meyerhof [1927] and Meyerhof & Suranyi [1926] have shown, the lactic acid 
formed will not fully reveal itself as gas evolution in the manometer, their 
‘‘Veresterungskorrektur” will not raise the data of Table III above what is 
negligible. 

We therefore conclude that the distribution of availability of the various 
substrates anaerobically is as shown in Table III. The chick embryo during the 
first week of its development thus joins that class of tissues, of which tumour 
and mammalian brain are the most classical examples, which strongly attack 
glucose but leave glycogen and the phosphorylated hexoses untouched. The first 
reviews of these differences between tissues were those of Bumm & Fehrenbach 
[1930; 1931], but since that time many further facts have accumulated. Table V 
gives a fair picture of them. Tissues are divided by Haarmann [1932, 1, 3] as 
follows: skeletal muscle gives, of course, a great lactic acid production from 
glycogen and hexosediphosphate and little from glucose; the converse is the 
case for smooth muscle, brain, lung, thyroid and suprarenal gland. Liver, 
kidney, pancreas, spleen and heart muscle [see also Cruickshank, 1936] appear 
to glycolyse hexoses, phosphorylated hexoses and polysaccharides all equally. 
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Attention may be drawn to the observation of Miindelein [1932], shown in 
Table IV, that white and red muscle differ in their capacity for glucolysis. 


Table IV. Relative glycolytic rates; the highest in each case being taken as 100. 
The table does not include experiments on extracts 
Hexose- Hexose- 
Man- diphos- —mono- 
Glucose nose Fructose Galactose Glycogen phate phosphate Maltose 
Chick embryo: 











Present work (intact and brei) 100 100 0 0 0 0 0 0 
Dickens & Greville [1932; 100 — 0 — 
1933] (intact) 

Tumour: ‘ 
Warburg et al. [1924] (slices) 100 — 12 4 _ — — — } 
Harrison & Mellanby [1930] 100 -- 52 — _— 5 2 _ i 

(slices) | 
Dickens & Greville [1933] 100 — 34 _ — — — — \ 
(slices) ' 
Barr et al. [1928] (slices) 100 — - — 6 = _ —_ f 
Rosenthal [1930] (slices) 100 —- — —_ 0 — — j 
Tsuzuki [1936] (slices) 100 — — — oe 38 — — | 

Brain: j 
Loebel [1925] (slices) 100 oe 14 14 7 — — “4 6G 
Ashford [1933] (brei) 90 100 7 16 7 37 21 = i 
Tanko [1931] (brei) 100 = = — 0 a — 
Haarmann [1932, 1] (brei) 100 — — — 5 5 — _- j 
Dickens & Greville [1933] 100 — 5 _— -- — -_ _ F 

(slices) i 
Geiger [1935] (brei) 100 - — _ 6 — _ —_ i 
f 

Muscle: i 
Laquer & Meyer [1923] (brei) 53 46 68 1 100 100 — — k 
Haarmann [1932, 1] (brei) 2 — —_ _— 100 70 ~- -— f 
Miindelein [1932] (brei): ' 

Avian white breast 0 — 18 —- 100 73 — _— } 
Avian red leg 19 — 5 — 65 100 — — j 
Geiger [1935] (brei) 9 -- ~—- — 100 — -- — j 

Erythrocytes: f 

Irving [1926] (intact) 100 100 100 20 =e sey = = 
g 

In this connexion Schénfelder’s work [1935] is important. Schénfelder, i 
reviewing the relevant physiological literature, shows that foetal skeletal 
muscle, the muscles of very young animals just after birth and denervated adult ; 
muscle have several common properties. Thus contractures are given with 
nicotine, coniine etc., a special type of tension curve is seen, and recovery is j 


very slow. No histological peculiarities exist, but the muscles are characterized 
clearly by the difference in their utilization of substrates; thus muscle of the 
foetal type glycolyses glucose not glycogen, as opposed to ordinary skeletal 
muscle. Schénfelder studied the onset of this change, obtaining the following 
average figures: 


Relative glycolytic rate (convention as in Table IV) 


Glucose Glycogen 
Muscle of rabbit at birth 100 18 
Muscle of rabbit at 14 days 39 100 
Muscle of rabbit at 36 days 4 100 
Adult rabbit muscle 6 100 
Adult rabbit muscle denervated 100 3 
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It seems, therefore, that mammalian embryos in general and mammalian 
embryo muscle in particular might be expected to show the same substrate 
preferences as are here found in the case of the chick embryo. 

With Schénfelder’s results may be compared those of Koschtojanz & 
Rjabinowskaja [1935], who showed the phosphagen content of foetal mammalian 
muscle to be exceedingly low or even non-existent. 

The question then arises as to when phosphorylating breakdown is installed 
in the development of the chick. Although this may form the subject of a 
future communication in this series, the results of experiments with older 
embryos may be mentioned at this point. A brei (made under ice-cold conditions) 
of thirteenth day embryos proved incapable of using glycogen in anaerobic 
glycolysis (Exp. 181); yl. from 2-0 ml. brei in 3 hr.: autoglycolysis 189; glycogen 
213; glucose 501. Again, slices were made from the leg muscle of fifteenth day 
embryos (Exp. 167). The Q** values were: for autoglycolysis +0-05, for glucose 
+1-51, for glycogen +0-05 and for hexosediphosphate +0-07. This shows that 
even the muscular tissue glycolysis at a late stage in development partakes of 
the peculiarities noted in the embryo as a whole very early in development. 
Something similar is to be seen in the experiments of Sherman & Elvehjem 
[1936] on the muscles of well-grown polyneuritic chicks. Here 275 mg. lactic 
acid/100 g. wet wt./hr. were produced with glucose as substrate and 340- 
480 mg./100 g. wet wt./hr. with glycogen as substrate. The persistence of the 
glucose mechanism in birds must therefore be considerable, but it is true that 
mammalian muscle also, as Table IV shows [Laquer & Meyer, 1923], may 
glucolyse fairly well. 

It might be suggested that the apparently non-phosphorylating character of 
embryo glycolysis was due to the relatively large size of the brain. From 
Schmalhausen’s work [1926] we know that, at the fourth day of development, 
the brain attains its maximum relative size, 30% of the total body weight. The 
point was easily tested, however, by separating the head region from the trunk 
and limb-buds and observing the glycolysis of these separately. The results 
(Table V) showed that the special type of glycolysis is found over all the body 
at this stage and is not confined to that part containing the large nervous 
system. 


Table V. Q?? 
Hexose- Hexosemono- 
Autoglycolysis Glucose Glycogen diphosphate —_ phosphate 


c c t c 
Exp. Whole Head Trunk Head Trunk Head Trunk Head Trunk Head Trunk 
9 +088 +055 +145 + 7:75 +114 +007 +0-00 —_— ann = = 
10 +069 +0-25 +2-9 +1335 +124 +100 +000 — — —_ — 
11 +067 +181 +2:-84 — — _ — +00 +00 +00 +0-0 


DESTRUCTION OF STRUCTURE AND GLYCOLYSIS 


Still feeling that the differences between substrates reported earlier in this 
paper might perhaps be due to differences of permeability, we thought it 
necessary to check them against varying degrees of destruction of the cell 
structure. We began with making a brei by crushing the delicate fourth day 
embryos with a small pestle in a flat Syracuse watch-glass without sand. The 
results, which later were many times confirmed in the course of other experi- 
ments, showed that the differences persisted even so. 

Thus while glucolysis and mannolysis were almost unaffected by this treat- 
ment, no sign of an action upon the other substrates manifested itself. 
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Table VI. Q?* 


Hexose- 
Hexosedi- mono- 
Exp. Age Condition Nil Glucose Mannose Glycogen phosphate phosphate 
61 4} Brei +2-49 +17-51 _ +0-0 — —_ 
62 43 Intact +0-99 _— — — _ — 
Brei +1-29 + 8-61 — — +0-03 +0-0 
63 4} Brei +2-71 + 5-94 +5-62 +0-22 _— _— 


The extent of cellular disruption must have been very considerable, because 
the brei was always diluted with distilled water before being placed in the mano- 
meter cups, to which extra bicarbonate was added making up the correct 
concentration. Microscopic control supported this opinion. 

We then proceeded to the preparation of extracts, following the method of 
Scharles & Salter [1934] which proved successful for tumour tissue. Embryos on 
being removed from the eggs were dropped into an ice-cold mortar and then 
ground with a small quantity of sand in an equivalent amount of distilled water. 
The extracts were centrifuged for 15 min. before use. But by this treatment 
all activity had been destroyed. The acid production, whether in the absence 
or presence of substrates, was negligible and did not permit of a decision as to 
whether all were now equally used. Quotients, calculated on the basis of the 
weight of embryo used to make the extract, were always far below unity (Exps. 
64-70). 

In view of the success obtained by Geiger [1935] in reactivating dialysed 
extracts of mammalian brain, liver and heart muscle, we added adenylpyro- 
phosphate and glutathione to these extracts in the hope of activating them. 
But it proved impossible to do so, never more than a few pl. gas output from 
extra acid formation being obtained (Exps. 71, 73-75). 

Dialysis experiments will be described in a succeeding paper [Needham & 
Lehmann, 1937]. 


THE POSSIBILITY OF OXIDATION WITHOUT GLYCOLYSIS 


Loebel [1925] and Dickens & Greville [1933] have definitely shown that 
brain tissue, though unable to convert fructose into lactic acid, can nevertheless 
oxidize it almost as readily as glucose and with a R.Q. of unity. So also Haar- 
mann & Stratmann [1932] found that the oxidation of xylose can be effected by 
muscle, though no lactic acid is formed from it. We therefore thought it of 
interest to investigate a few of the substrates previously mentioned from this 
point of view. Unfortunately, the chick embryo is a particularly difficult object 
for this purpose, since, as has several times been shown [Needham, 1933, 2; 
Dickens & Greville, 1933], the chick embryo’s respiration, in the absence of 
glucose, is still some 85% of what it is when glucose is present. The following 
experiments were carried out by the indirect method of Warburg in cubical 
cups, and, as Table VII shows, very little difference between the glycolysable and 
non-glycolysable substrates was observed. 

Since for the first half-hour of tixp. 84 the autorespiration was —11-3 and 
the average of all three substrate respirations was —10-8, the possibility of 
distinguishing in this way between sugars oxidized and sugars not oxidized was 
not hopeful. On the other hand, it was noted that the carbohydrates known 
beforehand to give lactic acid anaerobically gave in these experiments slight 
aerobic glycolyses, while sorbose and glucosamine did not. In the original work 
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Table VII 
Auto- Glucos- 
Exp. respiration Glucose Mannose Sorbose amine 
84 Ist $ hr. Qo, -11-3 -12-7 - 13-2 — 6-4 — 
sco; + 91 +16-4 +140 +4] me 
Q° - 22 + 37 + 08 -23 — 
2nd hr. Qo, — 85 — 10-8 — 9-7 -8-5 —_ 
tie + 65 +13-4 +105 +63 des 
Os - 20 + 26 + 08 ~2-2 =~ 
3rd hr. Qo, - 7-4 - 91 — 10-3 -9-1 — 
C03 + 61 +12-2 +11-8 +7-4 
Qe - 13 + 31 + 15 -23 aie 
85 Ist hr. Qo, - 91 - 99 — “ -10-7 
eta + 69 +133 os stip + 82 
Qy? -— 2-2 + 3-4 — 25 


of Warburg et al. [1924] the chick embryo gave aerobic glycolyses with glucose 
of the order of +1-1. 

An attempt was later made to exhaust the respiratory reserves of the embryo 
by incubating eight 34-day embryos for 64 hr. in Ringer-bicarbonate with 
O,/CO, gas mixture, but after this time it was found that both glycolysis and 
respiration were reduced to zero. It is doubtful whether it would be possible to 
deplete the embryo’s reserves before serious decay of the enzyme systems has 
set in. 

One respiratory quotient experiment was made in absence of substrate (117). 
The Dickens-Simer bicarbonate method was used. 


Qo. Qo R.Q. 

Exp. 117 Nil — 7-6 +05 0-745 
Nil — 6-45 — 0-48 0-76 
Exp. 105 Glucose — 6-35 +1-6 1-03 


The contrast here confirms the finding of Dickens & Greville [1933] that, when 
embryonic tissues are deprived of substrate, the R.Q. falls much more markedly 


than the oxygen consumption. 


SUMMATION AND COMPETITION OF SUBSTRATES 


One of the simplest ways of elucidating the possible presence of two ways of 
carbohydrate breakdown in tissues, phosphorylating and non-phosphorylating, 
has been to add both substrates together, e.g. glucose and glycogen, with the 
object of finding whether a summation of lactic acid production occurs. Thus 
Bumm & Fehrenbach [1931] obtained figures for the summation of glucose and 
glycogen breakdown in white muscle, indicating that both paths were present, 
and similar results were obtained for mammalian brain by Ashford [1933] who 
tested glycogen, hexosediphosphate and hexosemonophosphate in each case 
with glucose. 

Our results are summarized in Table VIII. In the first place it will be seen 
that when mannose and glucose are being attacked together the glycolytic 
quotient is no higher than when each is present separately, i.e. no summation 
occurs. This result is exactly analogous to that of Ashford [1933] on brain, and 
it strongly supports the belief that the same enzyme system is at work in 
mannolysis and glucolysis. We have already seen (Fig. 1) that the decline of 
glycolytic intensity with embryo age is the same for these two sugars. 
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Table VIII. Summation and competition experiments (intact embryos), Q** 


All carbohydrates used at a concentration of 0-2% in the Ringer-bicarbonate 


Other substrate plus glucose 


Auto- Other Observed Calculated 
Exp. Age glycolysis Glucose substrate sum sum 
Mannose 
40 3} + 1-92 + 14-78 + 17-98 + 16-98 + 32-76 
41 3? + 50 + 20-6 +15-6 + 20-6 +36-2 
42 4 + 2-05 + 16-35 +16-4 + 18-15 + 32-75 
Glucosamine 
t4 43 + 0-95 +125 + 0-54 + 10-85 + 13-04 
Arabinose 
47, 48 4 + 4-09 +13-71 + 0-0 +19-21 +13-71 
Sorbose 
51 3} + 2-07 +26-2 + 1-42 +225 + 27-62 
52 4} + 1:36 +11-75 + 0-09 + 10-28 + 11-84 
Trehalosemonophosphate 
50 4 + 2-62 +17-1 + 0-04 + 15-67 +17-14 
Glucosemonophosphate 
54 23 +11-9 +141 + 51 + 21-35 +19-2 
Hexosemonophosphate 
31 2} + 43 +195 + 0-0 +17-9 +195 
32 2} + 43 + 18-7 + 0-0 + 18-3 +18-7 
21 5 + 0-71 +14:39 + 0-45 + 9-39 +14-84 
35 5 + 1-79 +10-21 + 03 + 9-81 +10-51 
Hexosediphosphate 
34 23 + 8-65 +25-6 + 0-0 + 28-3 +25-6 
23 4 + 49 +145 + 0-0 +14-6 +145 
Glycogen 
27 23 + 1-46 +39-44 + 0-0 + 24-84 +39-44 
28 2} + 1-18 + 25-72 + 0-0 + 25-52 + 25-72 
27 3 + 2-92 + 26-58 + 1-2 +19-38 +27-78 
22 3} + 4:57 + 15-48 + 0-63 + 21-23 +16-11 
25 3? + 4-06 +18-44 + 0-0 + 18-64 +18-44 
23 4 + 49 +145 + 0-1 +13-7 +14-6 
24 4} + 0-95 + 6-15 + 0-25 + 8-75 + 6-4 
25 43 + 1-42 + 13-38 + 0-35 + 12-98 + 13-73 
22 3} + 46 + 15-45 + 3-75 +21-23 +19-2 
28 3 + 2-48 + 25-72 + 3-04 + 28-32 + 28-76 


For glucosamine, arabinose, sorbose, trehalosemonophosphate, hexosemono- 
phosphate and hexosediphosphate, which are not themselves glycolysed to any 
appreciable extent by the embryo, there can be no question of summation, but 
the figures show that their presence has no considerable or regular effect on 
glucolysis. 

The same conclusion is to be drawn from the experiments on glycogen, 
which, for the most part, show that the breakdown of gnc is unaffected by 
the presence of glycogen (average value obtained +18-2, expected +20-2). 
But in two cases, placed by themselves at the bottom of the table, a small 
utilization of glycogen was observed, and in both of these an apparent summation 
was seen. The same result was found with a sample of pure glucosemonophos- 
phate, given earlier in the table. We shall later describe experiments [Needham & 
Lehmann, 1937] which show that, although in general the phosphory lation path 
of carbohydrate breakdown is not practicable in early embryonic life, it may 
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occasionally function. If the exceptional cases noted here are to be interpreted 
as summations, we have a further indication that the paths of breakdown of 
glucose and glycogen are different. 


GLUCOPROTEINS AND GLYCOLYSIS 


Mention has already been made of the trisaccharide isolated by Levene & 
Mori [1929] from egg proteins. Since each egg must contain at the very least 
1 g. of this substance, it seemed of interest to follow the action of the embryo 
upon it. A sample was prepared by a modification of the original procedure: 


6-75 kg. of mixed yolk and white proteins were obtained from a sufficient quantity of yolk and 
white by coagulation with 10 1. of acetone and dried in a current of air. The mass was then heated 
with 25 1. of water and 3-5 kg. of baryta in a bath in which a steam coil was immersed. After 
boiling for some time, the temperature was allowed to remain constant at 75° for 16 hr. Excess 
baryta was removed by a stream of gaseous carbon dioxide and the supernatant fluid piped off 
continuously into a vacuum still at 40°. The remainder was filtered by suction and the combined 
distillate and filtrates were precipitated with 25% normal lead acetate. The filtrate was treated 
with H,S, and after removal of the sulphide was concentrated in vacuo. A precipitate was then 
obtained by adding alternately baryta and hot saturated basic lead acetate, avoiding excess. 
After cooling at 0° for some days, the precipitate was suspended in warm water and decomposed 
with carbon dioxide, and the basic lead acetate process was twice repeated. The final filtrate from 
barium and lead was precipitated with 10% mercuric sulphate and the mercury removed with 
H,S. After concentration to a syrup the filtrate was poured into methyl alcohol, giving a volu- 
minous though light precipitate of the trisaccharide. The alcohol was removed in a desiccator over 
paraffin oil and the product further dried in air at 37°. About 200 mg. were obtained; a solution 
of the same strength as all other carbohydrates used was made (2-5%). Further purification was 
effected by reprecipitating with methyl alcohol and washing with ether in the centrifuge. 


This preparation is referred to in Table IX as “L & MI”; a second 
sample, sent from the Rockefeller Institute, is designated “L & MII”. A 
saccharide of similar nature was prepared from the serum proteins of ox blood 
by Rimington [1931], and two samples of this, already on hand in this laboratory, 
are termed “‘ Rim I” and “‘ Rim IT” in the table; the former contained 2-45 % N, 
the latter 5-29°%% N. In addition to these, four proteins were tried, lettered 
A, B, C, D, in the table. 


A. A “seromucoid” fraction (119 F Pirie), prepared by full saturation with ammonium 
sulphate from horse serum after preliminary removal of the serum albumin. This fraction con- 
tained 4-5% total sugar by the orcinol method (excluding glucosamine) and 13-5% N. 

B. Horse serum albumin, from neutral serum half-saturated with ammonium sulphate 
(117 Q Pirie). This fraction contained 2-3% total sugar by the orcinol method (excluding glucos- 
amine), and 13-8% N. 

C. Ovomucoid from fresh hen’s eggs (Pirie). 

D. Ovomucoid from 12th day of incubation [Needham, 1927]. 


The proteins were used in sufficient concentration to bring their known 
carbohydrate contents to an equivalency with that of all other carbohydrates 
tested. 

As Table TX shows, none of the saccharides or proteins tested was avail- 
able for glycolysis by the embryo, even when incubated with embryo tissue for 
an hour or more before the beginning of the experiment. Availability of their 
hydrolysis products was therefore examined. To 2-5 % solutions of the saccharides 
enough HCl was added to bring the acid concentration to 4%, and hydrolysis 
was carried on in boiling-tubes with long air condensers in a boiling water-bath 








Auto- L& L& Man- 
Exp. Age glycolysis MI MII RimI RimII A B Cc D nose 
90-96 43-53 +068 +0-04 _— +006 +0-18 _ — —_— — +17-25 
136-137 43-54 +083 — +023 — aa es a oz a 
99-100, 5-6 +0-62 —_ —_— _— _— +010 +000 +040 +015 +94 
102, 
138-140 
After acid hydrolysis: 
54 +034 +2-02 — — — — _ —_ — +11-9 
136-137 43-53 +083 — +405 — ote = ma a te a 
138-140 5} +0°5 — —_ — _ +000 +000 +019 +024 +88 


glycolysis Glucose Mannose 
plus plus plus 
Auto- glycer- % glyceral- % glyceral- 
Exp. Age glycolysis aldehyde increase Glucose dehyde inhibition Mannose dehyde hibition 
55-23 +46 _ _ +32-4 +1-35 96 -- — 
55 34 +2-68 — _— +17-42 +0-67 96 - — 
56 3 +491 + 5-41 10 _— — — —_ — 
57 23 +9-7 +115 19 +30-49 +7-65 75 _ _— 
58 3 +6-83 + 813 19 + 19-07 +0-0 100 +18-07 +0-26 
60 4} +1-27 + 2-03 59 + 15-73 +0-77 95 + 13-33 +1-28 


1178 J. NEEDHAM AND W. W. NOWINSKI 


Ns 


Table IX. Glycolysis of protein preparations, Q? 


for 4 hr. As will be seen from Table IX, the products of the Levene-Mori tri- 
saccharide were used to a considerable extent. No doubt the browning and 
destruction of carbohydrate during the hydrolysis account for the fact that two- 
thirds of the full value was not closely approached. On the other hand, the 
glucoproteins gave nothing utilizable after hydrolysis; a rather surprising result, 
since it has usually been assumed that the carbohydrate of ovomucoid is quite 
available for combustion to the embryo. According to Sorensen [1934], ovo- 
mucoid contains 9-2 % of a mixture of 3 parts of mannose and | part of galactose. 
Seromucoid, too, according to Sorensen & Haugaard [1933], contains mannose 
and galactose, to which Ozaki [1936] adds glucosamine. Perhaps the right 
conditions of hydrolysis were not found; an alkaline hydrolysis may be essential. 


INHIBITION OF GLYCOLYSIS BY GLYCERALDEHYDE 


The important discovery was made by Mendel [1929] that dl-glyceraldehyde 
possesses the property of completely inhibiting the anaerobic breakdown of 
glucose by tumour tissue even in very small concentrations. At M/1000 the 
inhibition is already nearly complete. Later, Mendel et al. [1931] found that the 
inhibition can be reversed by pyruvic acid, again in low concentrations. At 
M/1000 the reversal is complete, but the effect is perceptible as low as /100,000. 
Ashford [1933] verified the finding of Mendel on brain, obtaining a 91% in- 
hibition. Conversely Holmes [1934] found that glyceraldehyde was without 
effect on lactic acid production from starch or glucose plus “hexokinase” 
(“‘phosphatese’’) in muscle extract. Since glyceraldehyde thus inhibits the glucose 
system but not the glycogen-hexosephosphate system, it was very inviting to 
try its effect upon the chick embryo. As will be seen from Table X it causes 


Table X. Inhibitions by dl-glyceraldehyde, Q}* 


Auto- 


inhibitions of roughly 90% in all cases both for glucolysis and mannolysis, 
while its effect upon the autoglycolysis is slightly acceleratory. This is in good 





%, in- 


S211 | 








* 
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agreement with the conception of embryonic glycolysis as wholly non-phos- 






i phorylating. 
oa In these experiments concentrations somewhat higher than those of Mendel 
25 were used, .//100 or M/200. However, the inhibition was also strongly marked 
6 when 7/800 was employed (Exp. 216). But after the first hour the inhibition 
4 passed off (see Fig. 2). 
40 
9 
8 Glucose 
~ 30 
= Glucose 
ae +M/800 glyceraldehyde 
20: 
2 Glucose 
= +M/10 glyceraldehyde 
3 10 
= Brei alone 
0 | Hours ; 2 
Fig. 2. Inhibition of chick embryo glucolysis by dl-glyceraldehyde. 
% inhibition 
oe FT 
Ist and 
Ist hr. 2nd hr. 
Glyceraldehyde M/100 — 73 
Glyceraldehyde M/800 41 5 
Later in this series, evidence will be adduced to show [Needham e al. 
1937] that pyruvic acid appears during the course of anaerobic glycolysis 
in considerable amounts, so there could be no doubt but that the temporary 
character of inhibition with weak glyceraldehyde was due to reversal by pyruvic 
acid. Another experiment indicates directly, moreover, that pyruvic acid 
reverses the inhibition. 
NS 
Exp. 205 pl. from 1-8 ml. 
‘ of 7th day %, 
as embryo brei inhibition 
tion j : 
Brei alone 289 — 
a Brei plus glyceraldehyde .W/100 278 — 
a Brei plus glucose .M/50 1158 — 
= Brei plus glucose plus glyceraldehyde 265 100 
= Brei plus glucose plus glyceraldehyde plus 355 85 
; sodium pyruvate 1/20 


The restoration is probably more complete at the weak concentrations. In 
other experiments (237, 239) inhibition was 100% without pyruvate, but only 
45 % with it. 


Biochem. 1937 xxxI 74 
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The glyceraldehyde effect will provide a particularly valuable opportunity 
of analysing the course of non-phosphorylating glucose breakdown. In pre- 
liminary experiments, using the orcinol method for total carbohydrate, the 
Hagedorn-Jensen method for reducing sugar, with and without copper-lime 
precipitation, and the Ariyama method for methylglyoxal; combining these in 
various ways, we obtained strong indications that the major part, at least, of 
the glucose, remains untouched in the presence of dl-glyceraldehyde. We hope 
to return to this point in a later communication. 

Since all aldehydes, quite unspecifically, react with triosephosphate [Meyer- 
hof et al. 1936], and since glyceraldehyde itself, in its phosphorylated form, is an 
intermediate in phosphorylating glucolysis, it is of some importance to know 
whether its effect upon glucose breakdown is shared with other aldehydes, or 
whether it is specific. The following experiment (221) shows that it is specific. 

2-0 ml. 83-day embryo brei; 


glycolysis for 105 min.; 
all aldehydes M/100 


pl. 
Glucose 815 
Glucose + glyceraldehyde 217 
Glucose + acetaldehyde 755 
Glucose + propaldehyde 920 
Glucose + -butylaldehyde 888 
Glucose + benzaldehyde 730 


We shall show later [Needham & Lehmann, 1937] that pyruvicaldehyde 
exerts no inhibitory effect. 

Glyceraldehyde inhibition cannot be reversed by glutathione (Exps. 238, 
239, 240) even when large amounts (20 mg./ml. brei) are used. 


GLYOXALASE AND GLUTATHIONE 


In the investigation of any case of apparent non-phosphorylating glucose 
breakdown, the classical contention of Neuberg [1925], that methylglyoxal is 
an intermediate in such breakdown, cannot be neglected. Neuberg et al. [1930], 
indeed, were able to isolate methylglyoxal when acetone powders of 8-day chick 
embryos were incubated with hexosediphosphate for 48 hr. This observation 
has not much significance, for we know to-day that the complete breakdown of 
hexosediphosphate does not go on via methylglyoxal. The methylglyoxal 
formed could arise from dephosphorylated triosephosphate. 

We first examined the chick embryos for the presence of active methyl- 
glyoxalase, with positive results. 


Table XI. Q* 
Exp. 150 intact Exp. 151 brei 


53-day 6-day 
Nil + 0-59 — 
+MG M/85 + 7:26 — 
+MG M/70 + 4-84 + 4-80 
+MG M/60 + 3-11 -- 
+MG M/45 + 0-0 — 
+MG M/70+0-1 ml. GSH == + 3-70 
+0-2 ml. GSH + 6-16 + 2-40 
+0-3 ml. GSH + 5-81 a 
+MG M/60 +0-3 ml. GSH + 0-98 = 
Glucose M/80 +133 +11]-2 


N.B. Glutathione solution (GSH) 0-375°%; mg. =methylglyoxal. 


Ret ora 
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This also shows that too strong a concentration of methylglyoxal poisons the 
systems involved, and that neither on the intact embryos nor on the brei was 
any activating effect of glutathione noticeable, no doubt because sufficient was 
already contained in the tissues. We shall return to this subject later [Needham 
& Lehmann, 1937] in relation to work with dialysed embryo enzymes. We 
shall also show [Needham et al., 1937] that very little methylglyoxal ac- 
cumulates during glycolysis under whatever conditions. 

That glyceraldehyde does not inhibit the action of methylglyoxalase was 
found in special experiments. 


Exp. 204 pl. 
A dialysed brei of 6-day embryos in 2} hr. 

2 mi. breit+5 mg. MG+5-5 mg. GSH 360 

2 ml. brei+5 mg. MG +5-5 mg. GSH in M/100 glyceraldehyde 408 

Exp. 205 pl. 
A fresh brei of 7-day embryos in 3 hr. 

1-8 ml. brei+5 mg. MG 740 

1-8 ml. brei+5 mg. MG in M/100 glyceraldehyde 660 


This is in agreement with the unpublished experiment of Holmes [cit. in 
Ashford, 1933], that glyceraldehyde does not affect the methylglyoxalase of 
brain. 

The above experiments with glutathione were extended to glucolysis itself, 
in order to test the possibility that, if glutathione was a necessary coenzyme, 
there might not be enough normally present in the embryos. This, however, 
turned out not to be the case; it was impossible to increase the glucolytic rate 
of intact embryos above normal by adding glutathione. 





Exp. 154 
Glutathione 0-375 % 
Added to cup eee 0-05 ml. 0-1 ml. 0-2 ml. 
Nil + 0-33 -- — —_— 
Glucose M/145 + 12-02 a — -— 
Glucose M/115 +11-77 + 9-97 +10-12 + 14-57 
Glucose M/90 +13-27 +1417 +12-17 +13-22 
SumMMARY 


1. This paper constitutes the first of a series reporting the results of a 
systematic investigation into the nature of the anaerobic glycolytic mechanism 
in early embryonic life, the chick embryo serving as type object. 

2. The autoglycolysis of the chick embryo in the first week of its develop- 
ment is small relatively to its maximum glycolytic intensity and, like the latter, 
falls with increasing developmental age. Though it is not inhibitable with 
glyceraldehyde, fluoride or bisulphite, a calculation shows that it does not 
exceed in magnitude the carbohydrate stores known to be located at the time 
within the embryo’s tissues. 

3. A study of the substrate preference of the embryo shows that besides 
glucose, mannose is the only carbohydrate which can be glycolysed to any 
substantial degree. The decline of mannolysis with age follows exactly that of 
glucolysis. The mannolysis of the embryo is of interest in relation to the known 
occurrence of mannose in egg proteins. 

4. Glucosamine, fructose, galactose, sorbose, pentoses, with di- and tri- 
saccharides are untouched by the embryo. In general all phosphorylated 

74—2 
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hexoses and glycogen are also completely unattacked, but occasionally an 
exceptional experiment may show a slight breakdown of glycogen or glucose- 
monophosphate. 

5. When this occurs there are indications of a summation between the 
breakdown of the other substrate and that of glucose, if it is allowed to proceed 
at the same time. Conversely, mannose, which is normally vigorously glycolysed, 
shows, when together with glucose, every evidence of competition. Taken with 
the facts already mentioned, this must imply that glucolysis and mannolysis 
take place with the same enzyme system, but that the phosphorylation method, 
present only in some very weak form, involves a different enzyme system. 

6. The predominance of glucolysis over the breakdown of glycogen or 
phosphorylated hexoses persisted when brei was us.:d instead of intact embryo. 
It was never possible to obtain extracts with any significant glycolysing activity. 

7. The substrate-preference picture obtained is probably not due to differences 
of permeability. Embryo thus joins tumour and brain as a predominantly 
glucolysing system. Experiments in which the trunk and limb-buds of the 
embryo alone were used dispose of the possibility that this property arises from 
the relatively large size of the nervous system in the embryo. 

8. In agreement with certain observations on mammalian embryos in the 
literature, the phosphorylation route does not appear to be yet established, 
even in the musculature of chicks on the fifteenth day of development. 

9. Inquiry into the possibility of oxidation of carbohydrates without glyco- 
lysis was not carried far, as in the absence of substrate the embryo has reserves 
of an unknown nature which permit of a long-continued aerobic respiration. 

10. Although the trisaccharide of Levene & Mori yields glycolysable material 
on hydrolysis, acid hydrolysis of ovomucoid and seromucoid does not. 

11. The glucolysis of the chick embryo is powerfully inhibited by dl-gly- 
ceraldehyde. This inhibition may be partially reversed by pyruvate. During 
the inhibition the substrate, glucose, remains in greater part intact and is not 
converted to accumulate as any three-carbon intermediate. The inhibition by 
glyceraldehyde is specific; it is not shown by other aldehydes such as prop- 
aldehyde. 

12. Methylglyoxalase is present in the embryo, in fully activated form, since 
further additions of glutathione do not increase its activity. Its action is not 
inhibited by glyceraldehyde. Glucolysis by intact embryos cannot be increased 
by glutathione additions. 


The authors acknowledge with gratitude the gift of samples of substances 
from the following: glucosemonophosphate, mannosemonophosphate and tre- 
halosemonophosphate from Prof. Robison, trisaccharide from Dr Levene, pure 
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aldehyde from Dr Holmes. Certain estimations of lactic acid were carried out 
by Miss Jean Innes, of glucose by Mr Gale and Mr Synge, to each of whom the 
authors take pleasure in expressing their indebtedness. The Royal Society 
provided a grant which covered the expenses of the work in this and the sub- 
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II. THE FORMATION AND REMOVAL 
OF PYRUVIC ACID 


INTRODUCTION 


In the preceding paper of this series, grounds have been given for suspecting 
the existence of a non-phosphorylating glycolysis in the tissues of the chick 
embryo. Since, owing to the work of Utewski [1929], Hahn & Haarmann [1930], 
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Case & Cook [1931], Case [1932] and Meyerhof & McEachern [1933], we now 
know that pyruvic acid is an important intermediary in the phosphorylating 
glycolysis of muscle, it was of much interest to examine its accumulation during 


the glycolysis of the embryo. 


ISOLATION OF PYRUVIC ACID AND METHYLGLYOXAL HYDRAZONES 


Following the method of Neuberg & Kobel [1930] as developed by Case & 
Cook [1931] we obtained the 2:4-dinitrophenylhydrazones of these compounds 
from embryo tissue after a period of glycolysis. To the trichloroacetic acid 
filtrates or centrifugates from the manometric cups were added sufficient 
amounts of a saturated solution of 2:4-dinitrophenylhydrazine in 2N HCl, and 
the mixture was warmed for some time on a boiling water-bath. After it had 
evaporated to something more than half its original volume, it was transferred 
to the ice-chest and left overnight. Some experiments carried out thus are the 


following : 


Exp. 33. Forty-five 4-day embryos were incubated at 38° for 2 hr. in Ringer-bicarbonate 
anaerobically in the presence of M/50 sodium bisulphite. After the above procedure, the small 
amount of precipitate was filtered off on a small Jena hard-glass filter and washed with water. 
1 ml. of warm 25% Na,CO, solution was then passed through the filter, giving a reddish coloration 
with the precipitate, the main part of which dissolved and passed into the filtrate. To the filtrate 
strong HCl was added; when enough had been added the solution became turbid, indicating 
the probable presence of pyruvic (or an acid) hydrazone. The residue on the filter gave a deep blue 
colour with alcoholic potash, indicating the probable presence of methylglyoxal. 

Exp. 193. Thirty 6-day embryos were made into brei under ice-cold conditions, then dialysed 
in a collodion sac for 16 hr. against tap water at 0°. A portion was kept an equal length of time 
at 0° without dialysis. Then side by side with manometric experiments, samples of the dialysed 
and undialysed material (3 ml.) were incubated at 38° for 3 hr. with 0-4 ml. 2-5% glucose solution 
and 0-4 ml. M sodium bisulphite. The results were as follows: 


Relative glycolytic rates of the two samples: 
Undialysed: 515 yl. gas output in 14 hr. 
Dialysed: 36 pl. gas output in 1} hr. 


Total hydrazone Alcoholic potash 
precipitate test on residue 
Undialysed 0 min. + = 
Undialysed 3 hr. t++t++44+ +++++ 
Dialysed 0 min. + = 
Dialysed 3 hr. ++ + + 


This indicates that parallel with loss of glycolysing power through dialysis, there has taken 
place a loss of power to form methylglyoxal, limited though this may be in any case. This disposes 
of the other alternative, namely, that in conditions where lactic acid formation was interfered 
with, as here, a large methylglyoxal formation would be found. 

Exp. 211. A freshly made ice-cold brei of 7-day embryos was divided into two portions as 


follows: 
A B 

ml. ml. 
Brei 16 16 
Glucose — 2-4 
Water 2-4 — 
Bicarbonate 3-65 3-65 
M Bisulphite 1-0 1-0 


There was thus glucose present in B to the extent of 60 mg., and from Exps. 29 and 30 (de- 
scribed later) we should expect a utilization of between 36 and 37 mg. of this glucose. Yet the 
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amounts of methylglyoxal and pyruvic acid which it was possible to isolate as hydrazones and 


weigh were very small: - B 
mg. found mg. found 

Methylglyoxal 4-7 2-6 

Pyruvic acid 1-1 2-1 

Total 5-8 4-7 


From these experiments we conclude that the amounts of methylglyoxal 
and pyruvic acid formed by embryo tissue are relatively small. In view of the 
difficulties of collecting a large amount of starting material we did not carry out 
any further attempts at isolation but turned our attention to the quantitative 
experiments now to be described. 


FORMATION OF PYRUVIC ACID IN THE PRESENCE OF VARIOUS SUBSTRATES 


The pyruvic acid was estimated according to the method of Clift & Cock 
[1932]. Bisulphite was added either at the beginning or at the end of the 
glycolysis period and the trichloroacetic filtrate divided into two portions. 
One was titrated directly, giving the total content of carbonyl compounds, the 
other was neutralized and treated with NaOH in an open flask on a boiling water- 
bath to destroy all alkali-labile carbonyl compounds of the type of methyl- 
glyoxal, then acidified and titrated. The titration method consists in removing 
the excess bisulphite from the solution by adding the required amount of iodine, 
then liberating the carbonyl compounds from bisulphite combination by the action 
of sodium bicarbonate and titrating the bisulphite so freed with a dilute standard 
iodine solution. Thus 1 ml. of V/500 iodine is equivalent to 0-088 mg. pyruvic 
acid. The titration after alkali treatment should thus always be lower than 
before, but it was not so in all cases, a fact which may be explained by the 
formation under conditions unknown of parapyruvate. Parapyruvate (a poly- 
meric form) is converted into pyruvate by the alkali treatment. 

In our experiments with embryos, the titration values before and after 
alkali treatment were often not very different, and there seemed to be no regular 
relation between the effect of the treatment and the substrate which had pre- 
viously been glycolysed. Thus when glucose was the substrate, rises were obtained 
in four cases and falls in three. Typical figures were the following: in Exp. 44 
(glucose) the titration figure before the alkali treatment was 1-5 ml. of V/500 
iodine, and after, 2-68. On the other hand, in Exp. 42 the figure fell from 1-89 to 
0-4 ml. Since we were primarily interested in studying the formation of pyruvate, 
we did not seek to elucidate the conditions under which methylglyoxal was 
formed. It may be mentioned, however, that the results with mannose as 
substrate were particularly striking, for here (Exp. 42) the values prior to alkali 
treatment were 5-3 and 5-9 ml. respectively, falling after it to 0-53 and 0-82. 

We first established that the formation of pyruvic acid occurs to a greater 
extent in the presence of glucose than in its absence. The data assembled in 
Table I show that rather over twice as much pyruvic acid is formed in the 
presence of glucose as in its absence. The average amount is not inconsiderable, 
83 mg./100 g. wet wt./hr., or just twice as much as was reported by Mendel e¢ al. 
[1931] for Jensen rat sarcoma, and four times as much as the highest values (for 
liver and kidney of polyneuritic chicks, 15-20 mg./100 g. wet wt./hr.) given by 
Sherman & Elvehjem [1936], using the Clift-Cook method. Their value for 
muscle was as low as 2-3 mg./100 g. wet wt./hr. In normal avian brain pyruvic 
acid does not accumulate at all. The figures of Meyerhof & McEachern [1933] 
for frog muscle approach ours more nearly. 

Although it is sure that more pyruvic acid is formed in the presence of 
glucose than in its absence, it was at once obvious that the increase was in no 
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Table I. Formation of pyruvic acid in autoglycolysis and glucose 
glucolysis, anaerobically 





Autoglycolysis Glucose 
x A aes 
Pyruvic Pyruvic 
Wet wt. Time acid mg./hr./ Wetwt. Time acid mg./hr./ 
Exp. mg. hr. mg. g. wet wt. mg. hr. mg. g. wet wt. 
29 127 2 0-035 0-189 99 2 0-07 0-354 
30 332 1-4 0-08 0-172 80 1-5 0-062 0-518 
94 1-5 0-035 0-249 79 1-4 0-062 0-561 
87 1-5 0-062 0-475 _— _ — —_ 
35 363 1-5 0-187 0-343 314 1-5 0-214 0-454 
38 — — - a“ 12 2 0-044 1-84 
39 87 2 0-098 0-562 25 2 0-085 1-70 
42 67 2 0-068 0-507 124 2 0-076 0-307 
43 137 1-6 0-102 0-465 _ — — _— 
44 168 2 0-091 0-270 125 2:1 0-236 0-900 
45 44 2 0-026 0-290 _ _ _ = 
Av. 0-352 0-830 


way comparable with the difference between the manometric acid productions 
in the two cases. Embryo glycolysis is increased ten times or more when glucose 
is given, pyruvic acid formation only doubled. It was found, on exploring 
further this relationship, that in every case when the glycolytic quotient was 
high, indicating utilization of substrate, the pyruvic acid formed in percentage 
of the carbohydrate broken down (calculated from the gas-output) was very 
low, while when no substrate was given or the substrate was not utilized the 
pyruvic acid percentage was quite high. This uniform relationship is shown in 
Table II. Autoglycolysis gives a pyruvic percentage of 55, that is to say, at the 
end of a 2 hr. glycolysis period, 55% of the carbohydrate (or other substances) 
broken down are to be accounted for as pyruvic acid. Glucose, on the other 
hand, gives a pyruvic percentage of only 8. Glucolysis is not interfered with by 
the presence of hexosemonophosphate, and the pyruvic percentage is corre- 
spondingly of the same order of magnitude, 10. Nor is it affected by the presence 
of considerable amounts of inorganic phosphate [see Needham & Lehmann, 
1937], so that the quotient remains high, and the pyruvic percentage is only 6. 
With mannose or with glucose and mannose in competition, the same result is 
found. But the condition of affairs where non-utilizable substrates are present 
is in striking contrast. Pyruvic percentages are: for glycogen 36, hexosemono- 
phosphate 41, mannosemonophosphate 55, glucosamine 89 and glucosamine 
with inorganic phosphate 35. The effect of the presence of bisulphite during the 
glycolysis is also interesting. It very markedly increases the autoglycolysis 
(Qi? rises from +2-2 to +7-7) and correspondingly diminishes the pyruvic 
percentage. Conversely, it inhibits the glucolysis (from +17-9 to +2-1) and 
raises the pyruvic percentage. 

There can be only one simple explanation for this state of affairs, namely, 
that upon a large and regular pyruvic acid formation in autoglycolysis is super- 
imposed a small and regular pyruvic acid formation in glucolysis. The following 
calculation elucidates the relative intensities of formation: 


Autoglycolysis Glucolysis 
Pyruvic acid formed mg./g. dry wt./hr. 3-5 4-8 
Gas output, pl./g. dry wt./hr. 2160 17,900 
Calculated corresponding mg. glucose broken 8-63 71-7 
down/g. dry wt./hr. 
Percentage of carbohydrate broken down normally 40-5 6-7 


appearing as pyruvic acid 
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As has already been pointed out, there is, of course, no proof that the auto- 
glycolysis is a real carbohydrate breakdown, and the pyruvic acid formed in it 
may therefore have another, e.g. a protein, origin. On the other hand, it is 
clear that at the end of an experiment lasting from 1-4 to 2-1 hr. some 7% of 
the glucose glucolysed has been transformed into pyruvate. We next investi- 
gated the change in this quota with time. 


PYRUVIC ACID PRODUCTION AT DIFFERENT STAGES OF GLYCOLYSIS 


Suspecting that in the earlier stages of glycolysis the pyruvic acid pro- 
duction might be more intense, we withdrew samples after successive periods 
and estimated the pyruvic acid in them. The experiments to be described (Exps. 
114 and 116) were carried out in the following way. Large round-bottomed 
flasks with glass stoppers through which passed inlet and outlet tubes (with 
taps) were arranged so that they could be gently shaken in the bath at 38°, 
the usual manometric proportions as regards tissue, Ringer-bicarbonate, gas 
mixture and gas volume being maintained. About 10 or 12 44-day embryos 
were used in each flask, giving a total wet weight of about 1 g. Flasks with 
glucose received 60 mg. each. The results, shown in Table III and Fig. 1a, 6, 


Table III. Pyruvic accumulation ; mg./g. wet wt./hr. 





Anaerobic Aerobic 
i : » c f 7 
Time Auto- uto- 

hr. glycolysis Glucolysis glycolysis Glucolysis 
Exp. 114 1 0-117 0-610 0-147 1-00 

2 0-082 0-277 0-124 0-306 

3 0-052 0-195 0-093 0-192 
Exp. 116 } 0-262 1-04 0-208 0-752 

1} 0-087 0-250 0-109 0-240 

23 0-061 0-176 0-070 0-144 

33 0-043 0-105 0-050 0-078 


demonstrated that our expectation had been correct and that the intensity 
of formation of pyruvic acid reached a maximum after about half an hour’s 
glycolysis, falling off progressively afterwards. 

The subject was further pursued by studying in parallel the pyruvic accumu- 
lation, the anaerobic glycolysis quotient and the pyruvic percentage. For this 
purpose we reverted to the usual Warburg manometers, starting with as many 
as possible and withdrawing them one by one after various successive intervals. 
The results, summarized in Table IV and Fig. 2a, b, c, d, give a fairly complete 
picture of the pyruvic acid changes during anaerobic glycolysis. There is a 
quick rise from a low initial value to a maximum rate of production of pyruvic 
acid, followed by a steady fall till the end of the period. In each successive 
period Q** also falls, as expected, while the consumption of glucose continually 
rises and the percentage of it remaining in the form of pyruvic acid steadily 
declines. It is important to note that the pyruvic acid falls not only relatively 
but also absolutely. If we might assume that it is converted into lactic acid by 
reduction, we could summarize the facts by saying that in the early stages of 
glycolysis it is formed faster than it is reduced, but later the speed of the 
formation process falls below that of the reduction. There seems also to be a 
relationship between the pyruvic acid and the glycolytic intensity; for so long 
as the former is accumulating the latter remains constant, but when the former 
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in its presence (10). 








Time of exp. 
| 2 3 a in hours 








1192 J. NEEDHAM AND OTHERS 


Table IV. Pyruvic accumulation compared with pyruvic percentage, 
and anaerobic glycolysis quotient 


Calculated 
Initial mg. glucose 
Time pyruvic/g. mg. pyruvic/g. 5 breakdown Pyruvic 
hr. wet wt. wet wt./hr. pss mg. percentage 
Exp. 118 0 0-041 — — — —_ 
} _— 0-406 +13-8 0-58 7-35 
4 — 0-300 +145 1-32 5-17 
3 — 0-146 +146 1-85 2-52 
1 —_ 0-068 +11-0 2-48 1-55 
1} sone 0-048 + 53 2-44 2-28 
24 so 0-022 + 68 3-69 0-81 
Total possible 5-00 
Exp. 120 0 0-070 _— — — _— 
4 — 0-464 +10-9 0-81 10-6 
4 _ 0-208 +10-4 1-32 5-7 
1 — 0-056 + 7:0 1-88 2-2 
1} a 0-044 + 61 2-66 1-0 
2 — 0-035 + 48 2-62 1-8 
3 — 0-090 + 41 3-34 0-4 


Total possible 5-00 


@ Exp. 118 @ Exp. 118 
O Exp. 120 | O Exp. 120 





Time in hours | 2 2+ 


Fig. 2. Comparison of pyruvic acid accumulation and glycolysis: a, anaerobic glycolysis, QP; 
b, mg. pyruvic acid formed or removed/g. wet weight embryo; c, percentage of glucose glyco- 
oe “ - ™ a - So . © > So ov 
lysed appearing as pyruvic acid; d, mg. pyruvic acid/g. wet wt./hr. 


ceases to accumulate the latter quickly falls off. This would be in agreement 
with the suggestion that pyruvic acid is an intermediate in the formation of 
lactic acid from glucose. 


PYRUVIC ACID PRODUCTION BY OLDER EMBRYOS 


Since the suggestion has been made by Edson e¢ al. [1936] that pyruvic acid 
may be involved in the synthesis of uric acid by avian tissues from the ammonia 
of protein breakdown, it was thought worth while to enquire whether at later 
stages of development the same level of pyruvic acid production exists, or 
whether it is appreciably lowered. At the ages hitherto under examination 
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(23-6 days) the embryo does not form uric acid, but by the tenth day its 
maximum speed of uric acid production has already been attained [Needham, 
1926]; the tenth day was therefore chosen for this purpose. Embryos of this 
age are extremely difficult to cut into slices by the usual method with safety- 
razor blades, and the resulting state of the tissue was something intermediate 
between slices and brei. c 

Table \ 


Accumulation of pyruvic acid during glycolysis of tenth-day embryo 
“slices”, in absence of ammonia 





Anaerobic Aerobic 
Initial Nil Glucose Mannose Sorbose : Nil Glucose 
Exp. 88. Time 2 hr. 
Qiks ze +1-98 +9-02 + 8-82 +0-14 — — 

Pyruvie % _ 20 3 7 46 _ — 
Pyruvic acid: 

mg./g. wet wt. 0-048 0-257 0-180 0-470 0-650 0-234 0-277 

mg./g. wet wt./hr. — 0-105 0-067 0-212 0-301 0-094 0-116 
Pyruvic acid from 4- = 0-082 0-277 _ —_ 0-124 0-306 


day embryos (Table ITI) 
Accumulation of pyruvic acid in tenth-day embryo “‘slices”’, 
aerobically, in presence of ammonia 


(Ammonium chloride, 3-2 mg./ml.) 


Pyruvic acid, mg./g. wet wt./hr. 


a 
mg./100 g. NH; Nil Glucose 
Exp. 93. Time 3 hr. 6-36 — 0-279 
12-72 — 0-315 
25-44 0-052 0-308 
50-88 —_ 0-474 
Av. 0-344 


Table V, which gives the results, shows that pyruvic acid accumulates at 
this stage of development just as at the earlier stages, and the pyruvic per- 
centages in relation to the hexoses used agree with those previously found. The 
presence of ammonia, inviting the formation of uric acid, does not reduce the 
pyruvic acid accumulation. 


THE LACTATE —— PYRUVATE REACTION 


In experiments to be reported in Section III (p. 1196) it was found 
that when the aerobic disappearance of lactate was compared with the oxygen 
consumption in presence of lactate, a certain discrepancy was sometimes 
seen. Thus in Exps. 59 and 72 Q{* was —4-7 while Qo, was —9-4. Yet if 

Qo. 


all the lactate disappearing was being oxidized, Q7* should be equal to = 


since C,H,O,+30,=3C0,+3H,0. Some lactate therefore disappears without 
being oxidized. To find whether this portion is converted into pyruvate, the 
following experiments were made: e. weniile, wants 








Anaerobic Aerobic 
Time ‘ ’ : 
hr. Nil Lactate Nil Lactate 
Exp. 76 2 _ 0-108 0-053 0-173 
Exp. 78 23 — —- — 0-200 


I 2 
From Table III 0-082 — = a 
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It appears, therefore, that a proportion of lactate may be oxidized to, and 
remain as, pyruvate, the magnitude of which varies according to as yet unknown 


conditions. 
It will later be shown [Needham & Lehmann, 1937] that the reverse reaction 


does not proceed anaerobically. 


RELATION OF VITAMIN B, TO PYRUVIC ACID ACCUMULATION 


The work of Peters and his collaborators on avian brain metabolism in 
relation to avitaminosis-B [Peters & Thompson, 1934; Gavrilescu et al. 1932] led 
us to investigate whether the pyruvic acid formations observed by us in em- 
bryonic glycolysis could be lowered or abolished by addition of vitamin B,. 

Table VI, containing several experiments on this point, shows that crystalline 
vitamin B, has no effect whatever on the aerobic or anaerobic pyruvic acid 
accumulation of embryos. 


Table VI. Vitamin B, and accumulation of pyruvic acid in 
embryo glycolysis 


1 ml. crystalline vitamin B, solution contained 5y; 3 ml. Ringer-bicarbonate were adjusted to 
contain 1-65 ; in the experiments of Peters, 3 ml. contained 2y. 


mg. pyruvic acid/g. wet wt./hr. 
Pent 











i \ 
Anaerobic Aerobic 
c ; ——- rc 7 = 
Nil+ Glucose + Nil+ Glucose + 
Exp. Nil vitamin Glucose vitamin Nil vitamin Glucose vitamin 
98 _— 0-047 — 0-041 — 0-040 — 0-103 
116 0-043 — 0-105 —_— 0-050 — 0-078 _ 
106 0-050 0-040 0-045 0-055 0-032 0-030 0-070 0-072 
112 0-033 0-029 0-107 0-092 0-050 0-052 _ _ 


It is unlikely that a state of physiological avitaminosis-B exists normally in 
the chick embryo, since, as we know from the work of Chick et al. [1931] and 
others, vitamin B, is contained in appreciable amounts in the yolk, though not 
in the white. It is interesting to compare the present results with those of 
Sherman & Elvehjem [1936], who report that the anaerobic glycolysis rate of 
the tissues of polyneuritic chicks is quite normal and is unaffected by addition 
of vitamin B,. The anaerobic accumulation of pyruvic acid, moreover, is un- 
affected by the addition of vitamin B,. The general conclusion must therefore be 
that the effect of avitaminosis is seen only in aerobic conditions and that the 
chick embryo is not in a state of physiological avitaminosis. 


PYRUVIC ACID AND THE INDUCTION PERIOD IN GLUCOLYSIS 


In a number of experiments throughout the present work, it was noticed 
that, when glucose was tipped into brei or intact embryos previously maintained 
anaerobically without substrate for some 20 min., the onset of the acid production 
was preceded by an initial ‘induction period” lasting from 10 to 15 min. This 
had already been observed for some adult tissues and tumours by Rosenthal 
[1930; 1932] and by Dickens & Greville [1932; 1933], who believed it to be 
connected with the oxidation-reduction potential level of the system, since 
methylene blue and other dyes would abolish it as effectively as pyruvate. The 
accompanying figures (Figs. 3, 4, 5) show that this interpretation is probable 
also for embryonic glucolysis. Fig. 3 gives a few typical induction-period curves 
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Fig. 3. Curves to show induction period in glucolysis. 
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Fig. 4. Abolition of induction period by sodium pyruvate (Exp. 244). 
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(Exps. 168, 170, 172, 216 a and 5); Fig. 4 illustrates the abolition of the delay 
by sodium pyruvate (Exp. 244), while Fig. 5 illustrates the same for methylene 
blue (6-5 x 10-4 M) (Exp. 249). 


III. THE PASTEUR EFFECT AND THE 
MEYERHOF CYCLE 


INTRODUCTION 


It has been shown by K. C. Dixon [1935] that the rate of disappearance of 
lactic acid from brain cortex is not nearly sufficient to account for the Pasteur 
effect on the Meyerhof theory. The argument employed was as follows. The rate 
of accumulation of lactic acid from glucose in nitrogen (Q;*) is much greater 
than that in oxygen (Q;). If Meyerhof’s theory provided the correct explanation 
for this fact, the rate of disappearance of added lactate (in the absence of 
glycolysable substrate) should be equal to the observed difference between the 
values of Q** and Q?? in the presence of glucose. In brain this was shown not to 
be the case. In fact the rate of disappearance of added lactic acid is only equal 
to about one-eighth of the difference between the anaerobic and aerobic glyco- 
lyses. The disappearance of lactic acid by oxidation and resynthesis to carbo- 
hydrate cannot therefore explain the effect of oxygen in reducing the accumu- 
lation of lactic acid. 

In order to test the applicability of Meyerhof’s theory to the metabolism of 
embryonic tissue (in which the Pasteur effect is extremely marked) we have 
performed similar experiments using 44-day chick embryos. The rate of dis- 
appearance of added lactic acid was compared with the difference between the 
anaerobic and aerobic glycolyses. 

METHODS 


The rate of accumulation of lactic acid in nitrogen and in oxygen and the 
rate of disappearance of lactic acid in oxygen were measured by manometric 
methods. We first employed the two-vessel method of Warburg [1924] to deter- 
mine these entities. Similar calculations to those employed by K. C. Dixon 
[1935] were followed. This method assumes a respiratory quotient of unity. 
Accordingly, later the bicarbonate method of Dickens & Simer [1930] was 
employed. From the results obtained by the use of this method the rates of 
aerobic acid production and disappearance were determined absolutely. Further, 
since the R.Q. obtained by the method of Dickens & Simer both in the presence 
of glucose and of lactate are equal to unity, the arguments based on results 
obtained by the two-vessel method of Warburg are also fully justified. 

Chick embryos (4-5 days) were used throughout. These were immersed 
in mammalian bicarbonate-Ringer to which the appropriate substrates were 
added. The manometric vessels containing these fluids were then filled with 
oxygen or nitrogen containing 5% CQ,. 


RESULTS AND DISCUSSION 


The main results are shown in Table VII. It isseen that the aerobic glycolysis, 
though measurable, is usually very low in the chick embryo, as has been shown 
by Warburg e¢ al. [1924]. Further, the difference between the rates of anaerobic 
and aerobic glycolysis (Q**-Q/:) in the presence of glucose is much greater in 
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Table VII 
Sodium dl-lactate containing 
0-2% dl-lactic acid Glucose 0-2% 
i ‘ ‘Y c A ey, 

Qo, R.Q. Qo. QP R.Q. Qi? | 
W* 72 Af —- 68 -4:8 — —- 91 +1:3 — +10-8 
W 72B - 7-7 -3-7 
W 59A —11-9 —5-8 — —12-1 +0-7 — + 93 
W 59B —11°3 —4-6 — — — —_— — 
W 110C — —— — - 83 +0°6 —_ + 78 
W 110D _— — — — — _- + 80 
DS* 105 — — — — 6-35 +1-6 1-03 + 14-2 
DS 107 — “= — - 58 +1-7 1-18 +17-4 
DS 108 —_— — — — 24-3 +2-8 — + 97 
DS 109 A — 10-2 -3-9 1-08 
DS 109B — 10-4 —4-2 1-11 
DS 110A — 8-05 -1-7 1-3 
DS 110B — 12-2 — 0-47 1-05 
DS 111A —- 86 -1-1 0-91 
DS 111 B — 10-4 — 3-05 0-93 
DS 113 A — 6-25 —2-7 1-12 
DS 113 B — 6-25 — 2-5 1-05 


* W indicates 2-vessel method of Warburg; DS indicates method of Dickens & Simer. 
{ Experiments A, B, C, etc., with same preceding numerals were performed on same batch of 
embryos. 


value than the rate of disappearance of lactic acid (Q?* here negative in value) 
where lactate is the substrate used. It is thus clear that the oxidative dis- 
appearance of lactic acid is not large enough to account for the effect of oxygen 
in reducing glycolysis. It thus appears that Meyerhof’s theory for the mechanism 
of the Pasteur effect does not apply to the embryo. 

Two possible criticisms of the above arguments present themselves. 

(1) It might be supposed that in embryo to which lactic acid is added the 
oxidative removal mechanism is already saturated by lactic acid formed from 
some intracellular precursor. Thus the rate of disappearance of added lactate 
would be small. There is, however, hardly any intracellular precursor of lactic 
acid present in embryonic tissue, since we find that lactic acid formation in 
nitrogen when no substrate is present is almost negligible (Q{* usually below 
0-5). Embryo in this regard is very similar to brain [see K. C. Dixon, 1935: 
Holmes & Holmes, 1925; 1927]. 

(2) It has been shown (p. 1193) that lactic acid is oxidized in part to 
pyruvic acid in embryo. Thus the actual disappearance of lactic acid may be 
larger than that recorded in the above experiments which only measure the 
disappearance of total acid. However, some of the acid formed from glucose is 
also pyruvic acid. If Meyerhof’s theory were correct there should be a dis- 
appearance of total acid equal to the difference between that formed from 
glucose in nitrogen and that formed from glucose in oxygen. No matter whether 
pyruvic acid is accumulating or not from the oxidation of lactic acid, the dis- 
appearance of lactic acid or pyruvic acid which this theory supposes to be built 
back to carbohydrate should cause an equivalent disappearance of acid. The 
total acid disappearance is, however, not nearly great enough to account for the 
diminution in the production of acid caused by the presence of oxygen. These 
criticisms are thus shown not to invalidate the arguments presented. 

We may conclude that Meyerhof’s theory for the mechanism of the Pasteur 
effect is not applicable to embryonic tissue. In embryo, as in brain, it seems 


75—2 
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likely that oxygen reduces the gross rate of carbohydrate destruction either by 
reducing the amount of glycolytic enzyme accessible to the substrate [Dixon, 
K. C. & Holmes, 1935] or by inactivating the glycolytic enzyme [Lipmann, 
1933, 1, 2]. 

The fact that lactic acid is not resynthesized according to the Meyerhof 
quotient may explain the accumulation of lactic acid in the intact egg during 
normal development (reaching a maximum on the fifth day) which has been 
observed by Tomita [1921] and many subsequent workers. Contrary to what is 
often stated, the chick embryo has quite a measurable aerobic glycolysis, 
approximately Q??+ 2-0. 

Two more points have been investigated. First it was of interest to ascertain 
if embryo exhibits on immersion in Ringer containing M//10 potassium chloride 
the same increase in respiration and aerobic glycolysis as observed in brain 
cortex by Ashford & K. C. Dixon [1935]. The following results eliminate this 
possibility (see Table VIII). The addition of potassium chloride causes no 


Table VIII. Exp. 85 


Glucose + normal Ringer Glucose + normal Ringer + /10 KCl 
————— eee 


Qo. Qo, Qi? 
—9-9 +3-4 -7:7 +2-9 


increase in the metabolism of chick embryo, unlike that of brain. Dickens & 
Greville [1935] showed the potassium effect to be absent from mammalian yolk 
sac, kidney etc. Similarly, Lasnitzki [1933, 1, 2; 1934] found that the degree 
to which respiration depends on the cation balance of the medium varied with 
age, embryonic tissues being less sensitive than adult tissues. Removal of 
potassium, or of calcium, or of both from the medium resulted in much greater 
inhibition of the respiration of adult liver and kidney than of foetal liver and 
kidney (rat). Lasnitzki also found that changes in the cations had a much 
greater effect upon brain glycolysis than on that of other organs, and that 
embryonic liver glycolysis was very little affected. 

Secondly, we have investigated the aerobic and anaerobic metabolism of 
mannose in the chick embryo. It is clear from the following results that oxygen 
reduces mannolysis as much as glucolysis. The Pasteur effect is thus seen in both 
cases. 


Table IX. Exp. 115. (Mannose) 
Meyerhof 


Q R.Q. Q* quotient 
+2-0 0-97 +14-2 1:8 
+17 0-98 ~ = 


The results given in this paper might appear to be in contradiction with 
those of the first paper of the series, since it was there shown that the auto- 
respiration is very little affected by added substrates. Hence the present 
assumption that the removal of lactate is oxidative would be unjustified. But 
there is really no contradiction. It is true that in the former paper we showed 
that the respiration of the embryo in the presence of hexose substrates is not 
much increased above that of the autorespiration, but we also showed—not for 
the first time—that the R.Q. of the autorespiration is only 0-75 whilst that of the 
substrate respiration is unity. This must mean that the autorespiration is 
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abolished or very greatly decreased in the presence of substrate. We are therefore 
justified here in saying that the removal of lactate is oxidative, especially as we 
have shown that the R.Q. in its presence is unity and not 0-75. Without going 
further into the nature of the autorespiration, we may mention that we regard 
it as probably protein in character, ending in ammonia. 


IV. THE DISTRIBUTION OF ACID-SOLUBLE 
PHOSPHORUS 


INTRODUCTION 


Facts reported in the preceding papers of this series have suggested that the 
glycolysis of the chick embryo does not proceed through a mechanism of 
phosphorylation. It was therefore of interest to make a systematic examination 
of the distribution of phosphorus between the various compounds to be found 
in a trichloroacetic acid extract of the embryo itself. Hitherto there has been no 
systematic attempt to find hexosephosphates in the embryonic tissue, for, 
apart from earlier work reviewed by Needham [1931], that of Kugler [1936] was 
specially concerned with the lipin phosphorus and its changes in the embryo 
during development. After the conclusion of the present experiments it was 
found that Takahashi [1935] had made some progress in the desired direction; 
his results will be discussed below. 


MertTHops 


The description of a typical experiment will be the simplest way of sum- 
marizing the methods used, since all the later experiments followed this as a 
basis. Estimation of the inorganic phosphorus was carried out colorimetrically 
according to the method of Fiske & Subbarow [1925]. 

Forty-three 54-day embryos, of a total wet weight of 8-685 g., were dropped, 
immediately on being taken from their eggs, on to ice-cold sand, and when all — 
were collected, ground with 43-5 ml. of 5 % trichloroacetic acid. After filtration 
through an asbestos mat at the pump, the total volume of extract was 45 ml. 
Duplicates of 2 ml. each were then removed for incineration to estimate directly 
the total phosphorus of the extract. The remaining 36 ml. were precipitated with 
4 ml. of 25 % barium acetate solution, and made just alkaline to phenolphthalein 
with strong NaOH. After standing some 20 min. in ice, the flocculent precipitate 
was centrifuged down and washed twice on the centrifuge with 8 ml. of 1% 
barium acetate. The precipitate was then dissolved in a drop or two of N HCl, 
diluted to 6 ml., and the barium removed by saturated sodium sulphate. The 
centrifugate was then divided into as many aliquot parts as necessary, some for 
determination of total barium-precipitable phosphorus, some for inorganic 
phosphorus, and others for fractional hydrolysis in the boiling water-bath with 
N HCl, the 7 min. value giving the adenylpyrophosphate phosphorus, and the 
difference between the 7 and 100 min. values giving the “hexosediphosphate”’ 
phosphorus.! Meanwhile the centrifugate from the barium precipitation was 
also divided into aliquot parts, some for determinations of total phosphorus, 

1 We put hexosediphosphate in inverted commas because in 100 min. only one of the phos- 


phoric acid groups is split off, and the more difficultly hydrolysable hexosemonophosphate is left. 
There remains the possibility that this fraction contains esters other than hexosediphosphate. 
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others for phosphagen phosphorus, that fraction spontaneously hydrolysing on 
standing with the molybdate reagent for half an hour at room temperature. 
‘““Hexosemonophosphate”’ phosphorus would appear in this portion as the 
difference between the phosphagen phosphorus and the total barium-non- 
precipitable phosphorus. 


THE DISTRIBUTION OF PHOSPHORUS 


The figures of Table X show the results obtained on three normal batches of 
54-day embryos. As comparisons are more conveniently made on the basis of 
percentages of the total acid-soluble phosphorus, these are shown in Table XI. 

Table X. Distribution of acid-soluble phosphorus in 54-day chick embryos 


mg./g. wet wt. 








—, \ 
Exp. 124 Exp. 125 Exp. 126 
g. wet wt. embryos taken 8-68 4-9 14-25 
Total P (direct) 0-401 0-380 0-304 
Ba-precipitable: 
Total P — 0-158 0-122 
Inorganic P 0-056 0-033 0-029 
** Adenylpyrophosphate”’ P (7 min.) 0-051 0-070 0-060 
*““HdP” (100 —7 min.) values 0-019 0-010 0-016 
Unhydrolysed after 100 min. (¢ — 100) —_— 0-045 0-018 
Ba-non-precipitable: 
Total P 0-256 0-260 0-125 
Phosphagen P Trace 0-019 0-014 
“imP* P <0-256 0-241 0-111 
Total P, sum of fractions 0-382 0-418 0-249 


Table XI. Phosphorus-distribution in 54-day chick embryos ; 
percentages of the total acid-soluble phosphorus 


Exp. 124 Exp. 125 Exp. 126 Aver. 


Inorganic P —lyu. 8-0) 10. 11-6) o. 9-8 

Phosphagen P —f 14-7 4-6] 12-6 5-7 } a 5-2 

** Adenylpyrophosphate”’ P 13-4 16-7 24-3 18-1 

Ba-precipitable, hydrolysed in 100 min., 4-7 2-7 6-4 4-6 
“* Hexosediphosphate”’ P 

Ba-precipitable, not hydrolysed in oo 10-6 7:3 8-9 
100 min. P 

Ba-non-precipitable, “‘ hexosemonophos- 67-2 57-4 45-0 56-5 


phate’’ P 


The amounts of inorganic phosphate and phosphagen found are in good agree- 
ment with the figures of Baldwin & Needham [1933, 1]. The ‘“‘hexosediphos- 
phate” fractions are very small, almost on the limit of detectability with 
assurance, but on the other hand the enormous amount of phosphorus in the 
‘“‘*hexosemonophosphate”’ fraction is extremely striking. No less than half the- 
total phosphorus extractable with trichloroacetic acid is to be found in a 
fraction, unprecipitable with barium, accompanying the phosphagen. 

Comparison with the data in the literature for the tissues of adult animals is 
therefore invited. When we place side by side in one table (Table XII) the 
figures obtained in this way from a number of sources, we note the surprising 
fact that only in tumour, heart muscle, and possibly blood, is a similar state of 
affairs found. 
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As mentioned above, Takahashi [1935] investigated the water-soluble 
phosphorus compounds of the chick embryo. His methods differed from ours, 
in that he made no barium precipitations, relying entirely upon fractional 
hydrolyses. Nevertheless the amounts of difficultly hydrolysable material found 
by him were exceedingly large in proportion to the total water-soluble phos- 
phorus and bear out well the findings now reported by us. In the following 
summary of his figures, which we reproduce since his paper is accessible only 
with difficulty, it will be seen that his “‘glycerophosphate P”’ (total phosphorus— 
phosphorus hydrolysable in N HCl in 180 min.) corresponds to our ‘‘hexose- 
monophosphate’”’ phosphorus+our barium-precipitable phosphorus not hydro- 
lysable in 100 min. 

Percentage of the total water-soluble phosphorus 


Days of development... 5 10 15 20 
Inorganic P 4:5 11-0 31:3 34-4 
Phosphagen P 71 5-0 3-9 4-2 
“* Adenylpyrophosphate”’ P (7 min.) 3-3 3-5 1-6 5-5 
Hexosediphosphate P (180 —7 min.) 4-1 3-4 3-4 2-6 
“‘Glycerophosphate’’ P (7 — 180 min.) 80-9 77-2 65-2 53-3 


The chief divergence from our work lies in the smaller amounts of adenyl- 
pyrophosphate found by Takahashi. We cannot, of course, accept without 
further evidence his designation of ‘“‘glycerophosphate”’’ for the difficultly 
hydrolysable material. According to Takahashi, it accounts for 84% of the 
water-soluble phosphorus of the yolk. 


THE NATURE OF THE ‘‘HEXOSEMONOPHOSPHATE’””’ FRACTION 


The phosphoric esters of tumours have been investigated principally by 
Outhouse [1935], who found, as is recorded in Table III, very little barium- 
precipitable material, but a great deal of phosphorus in the “‘hexosemono- 
phosphate” fraction. This could not be hexosemonophosphate for very little 
reducing power (Hagedorn-Jensen) appeared on acid hydrolysis, and the Molisch 
test was not given. Part of it was thought to be hexosaminephosphate and part 
(unprecipitable by lead) probably aminoethylalcoholphosphate; a supposition 
subsequently confirmed by the same author [Outhouse, 1936]. 

Our examination of the nature of this barium-soluble ester, contained in 
chick embryo in such large amount, was directed in the first instance to deciding 
whether or not it was fermentable, and therefore whether or not it was likely to 
play an important part in carbohydrate metabolism. Only secondarily did we 
attempt to discover the chemical nature of the ester, reserving this in the 
main for a subsequent communication. In passing, however, we may give a few 
details regarding its general properties. On the unhydrolysed ester, the tests of 
Benedict, Fehling, Cole and Molisch were all found to be negative (Exp. 126). 
On the hydrolysed ester, the quantitative method of Elson & Morgan [1934] for 
glucosamine was quite negative, indicating strongly that the substance is not an 
aminohexose of any kind (Exp. 131). The reducing power (Hagedorn-Jensen) 
in Exp. 131 corresponded to 1-05 mg. of hexosemonophosphate where 8-5 mg. of 
the ester were calculated from the phosphorus estimations to be present. This 
reducing power of only 12% is reminiscent of the figure given by Outhouse 
[1935] who could obtain a Hagedorn-Jensen figure only 9°% of that expected 
on the phosphorus determinations, in the case of the barium-non-precipitable 
esters of tumours. The material is hydrolysed with great difficulty. Thus in 
Exp. 133 where 49% of the total acid-soluble phosphorus was in the “‘hexose- 
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monophosphate” form, only 6% was set free after 3 hr. hydrolysis in N HCl 
at 100°, and only 10% after 6 hr., or one-fifth of the fraction in question. The 
same results were obtained in Exp. 135, where out of 52-7 % of the total phos- 
phorus in this fraction, only 9-7 %, or under one-fifth, had been set free after 
7 hr. hydrolysis, Again, in Exp. 142 only 21-7 % of the fraction was hydrolysed 
in 7 hr., and in Exp. 143 only 17-6%. 

The point of most importance to us, however, was the question of the fer- 
mentability of the fraction. In experiments of which the following (131) is 
typical, we found that it is not fermentable by yeast. Fifty-nine 5-day embryos, 
weighing 12-48 g. wet weight, were worked up in the usual way, and the 37 ml. 
of centrifugate from the barium-precipitable esters were precipitated with 151 ml. 
of alcohol, as it has been shown by Cori & Cori [1932] that 80° alcohol is the 
most suitable concentration for precipitating barium esters in solution. The 
alcoholic solution, just alkaline to phenolphthalein, was allowed to stand at 0° 
for 3 hr., the precipitate centrifuged and dried in an air-stream, then taken up 
in a few drops of N HCl and brought to pH 6-0 in about 10 ml. water. The barium 
was next removed by precipitation with strong sodium sulphate; a control 
incineration showed that practically no phosphorus remained adsorbed on the 
barium sulphate. The final volume of unknown ester solution was just under 
13 ml. Manometric experiments with Lebedev-extract! then showed that the 


ester could not be fermented: ul./ml. Lebedev-extract/ 
hr. in air 
Yeast alone - 6 
- 12 
Yeast + unknown substance - 39 
— 25 
Yeast + glucose +506 
Yeast + glucose + unknown substance +305 
+374 
Yeast + unknown substance + hexosemonophosphate + 56 


The substance, then, could not itself be glycolysed. In this experiment the 
unknown barium-soluble fraction was 58-5 % of the total acid-soluble phosphorus. 

Another experiment (134) may be given in its entirety. Here the inorganic 
and phosphagen fractions totalled 15-9 %% of the whole water-soluble phosphorus, 
the adenylpyrophosphate fraction 15-3°% and the barium-non-precipitable 
fraction 45-6 %. On being precipitated with alcohol, the barium-non-precipitable 
fraction was made up to 1 mg. per ml. of aqueous solution (calculated as hexose- 
monophosphate) and tested manometrically as before. The results were as 


follows: ul./ml. Lebedev-extract 
in 2 hr. in air 


Yeast alone - | 
Yeast + unknown substance - 8 
+ 12 

- 16 

+ 4 

Yeast + glucose (same concentration) +528 
Yeast + glucose + unknown substance +736 
Yeast + hexosemonophosphate (same concentration) +348 
Yeast + hexosemonophosphate + unknown substance +173 
- 9 


Yeast + glucosamine 


The previous conclusion was therefore confirmed. 


1 The Lebedev-extract was prepared as follows. 5 g. dried yeast powder were shaken with 
15 ml. distilled water and incubated at 37° for 3 hr. Solid material was centrifuged down and 


the supernatant liquid taken for use. 
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Tn examining the persistence of the fraction into the later stages of embryonic 
development, a quicker method was adopted, that of progressive hydrolysis, 
not barium precipitation, since we know that most of the barium-precipitable 
part (some 72 % of it) is hydrolysed in N HCl at 100° in 100 min., while in that 
period not more than 5 % of the barium-non-precipitable part will be hydrolysed. 
The following figures, then, were obtained: 


P in % total water-soluble P 





F ™ 
Inorganic and Easily Difficultly 
Days age phosphagen hydrolysable hydrolysable 
Exps. already quoted 53 15 22 65 
Exp. 310 ll 47 21 32 
Exp. 313 15 70 7 23 
Exp. 188 19 66 8 26 


From this it appears that the relative amount of the unknown ester decreases 
as development proceeds. 

From fourteenth and nineteenth day materials two samples of the substance 
were prepared in the usual way as dry white powders. From 29 g. fourteenth- 
day embryo, 0-284 g. was isolated, and from 271 g. nineteenth-day embryos 
1-255 g. (samples 14 L and 19N). From the older embryos a less pure sample 
was obtained, accompanied by some substance not containing phosphorus. The 
elementary analyses were found not to correspond with any of the likely 
possibilities. The phosphorus content (2-63 °%) is too low for hexosemonophos- 
phate (7-85 %) and much too low for diphosphoglyceric acid (12-98 °) or amino- 
ethylalcoholphosphate (11-2%), although both these latter compounds, like 
the present fraction, are extremely resistant to acid hydrolysis [Greenwald, 
1925; Outhouse, 1935]. Absence of hexosamine (Elson-Morgan method) rules 
out glucosamine phosphate. Total carbohydrate (orcinol method) was very low, 
3-6-5-3 %. The nature of the fraction will form the subject of a later com- 
munication in this series. 


EFFECTS OF IN VITRO GLUCOLYSIS AND FLUORIDE ON THE 
PHOSPHORUS DISTRIBUTION 


It seemed of interest to study the effect of in vitro glucolysis upon the 
phosphorus distribution in the presence and absence of fluoride. Our information 
as to the expected results of such an investigation in the classical phosphory- 
lating case of muscle could serve as a background against which to compare 
what happens in the embryo. 

The treatment which might be expected to cause the greatest deviation 
from the normal phosphorus distribution if embryo behaved like muscle would 
be a period of glucolysis inhibited by fluoride. From the work of the schools of 
Embden & Meyerhof it would follow that an accumulation of hexosediphosphate 
and of phosphoglyceric and glycerophosphoric acids should occur.! The former 
would greatly increase the amount of phosphorus hydrolysable in 100 min. 
under the conditions already specified, while the two latter, being hydrolysable 
only with great difficulty and being likely to be distributed between the barium- 
precipitable and barium-non-precipitable fractions, would increase the amount of 
residual phosphorus in the former and the non-phosphagen phosphorus in the 
latter. 

1 This, of course, assumes that the hypothetical esterification of glucose is relatively unaffected 
by fluoride. Enough pyruvic acid would be present in the embryos to play the part of acetalde- 
hyde in fluoride-poisoned yeast. 
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The results obtained in such experiments, summarized in Tables XIII and 
XIV, show, however, that nothing of the kind took place. The embryos were 
placed in Ringer-bicarbonate-glucose solution in large stoppered flasks with 


Table XIII. Distribution of phosphorus in the chick embryo 


after periods of glycolysis ete. 











mg./g. wet wt. 
Exp. 133. Exp.135 Exp.142 Exp. 143 Exp. 153 
Fluoride _‘ Fluoride Fluoride 
and and Ringer Ringer and 
phosphate phosphate Ca normal phosphate 
Conditions 3 hr. 3 hr. 3 hr. 3 hr. 4 hr. 
g. wet wt. embryos taken 9-19 7-05 12-58 11-16 4:30 
Age in days 6 6 54 6 e-. 
Total P (direct) 0-398 0-328 0-310 0-414 0-555 
Ba-precipitable: 
Total P 0-172 0-147 0-206 0-194 0-144 
Inorganic P 0-140 0-108 0-172 0-180 0-108 
Adenylpyrophosphate P (7 min.) 0-006 0-018 0-017 0-004 0-007 
“HdP” P(100 —7 min. values) 0-037 0-009 0-010 0-018 0-007 
Unhydrolysed after 100 min. (¢— 100) 0-0 0-011 0-006 0-0 0-021 
Ba-non-precipitable: 
Total P 0-165 0-164 0-186 0-146 0-274 
Phosphagen P Trace Trace 0-012 Trace Trace 
“HmP” P <0-165 <0-164 0-174 <0-146 <0-274 
Total P, sum of fractions 0-337 0-311 0-392 0-340 0-418 


Table XIV. Distribution of phosphorus in the chick embryo 
after periods of glycolysis etc. 


% of the acid soluble P 
After glucolysis 


After glucolysis inhibited by 





Before 3 hr. fluoride 
glucolysis i ; ; 
Average Normal Ringer- 3 hr. 
of Ringer- _bic.- Average 
Exps. 124, bie. Ca of Exps. 4 hr. 
125 and Exp. Exp. 133 and Exp. 
126 143 142 Average 135 153 
Inorganic P 9-8) 15-0 53-0 44-1 48-5 34-7 25-9 
Phosphagen P 525°? 0 0 0 0 0 
Adenylpyrophosphate P 18-1 1-3 4:3 2-8 58 1-6 
Ba-precipitable, hydrolysed in 4-6) 5-5 2-6 4-0) 3-2) 1-7) 
100 min., “‘ hexosediphosphate’ ’P Per in | 
Ba-precipitable, not vaio in oo - +e “ 
100 min. P 8-9} 0 14 0-7) 3-6) 5-2) 
Ba-non-precipitable, “‘hexose- 56-5 43-0 47-6 45:3 52-7 65-6 


monophosphate” P 


(N.B. Percentages are calculated on the sum of the fractions) 


inlet and outlet tubes permitting of a flow of the gas mixture, in such proportions 
as to imitate manometric conditions, and shaken gently for most of the time 
(3 hr.) during which they were in the water-bath at 38°. Fluoride was added 
to make a concentration of 20 mMol. per litre (.7/50), which, as was previously 
shown [Needham, 1933], is sufficient to inhibit the glucolysis of embryo about 
90%. In order that there should be no lack of inorganic phosphate, an addition 


of this to the Ringer-bicarbonate was made, giving a concentration of 0-88 mg. 
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per ml. or 0-2 mg. inorganic phosphorus. At the end of the period of inhibited 
glucolysis, the embryos were carefully washed free from the strong phosphate 
by ordinary Ringer-bicarbonate and the phosphorus partition of the trichloro- 
acetic extract worked out as before. It was at once noticeable that no accumu- 
lation of the “‘hexosediphosphate”’ or the barium-non-precipitable fractions had 
taken place, but that on the contrary there had been a piling up of inorganic 
phosphate at the expense of the phosphagen phosphorus, the “‘hexosediphos- 
phate” phosphorus, the adenylpyrophosphate phosphorus and the residual 
phosphorus, i.e. that barium-precipitable but not hydrolysable in 100 min. This 
effect could not possibly be ascribed to the use of inorganic phosphate in the 
Ringer, since the total phosphorus was of just the same order in these embryos 
as in those worked up directly without any glucolysis period (cf. Table X). 

Nor could it be due to any indirect effect of the phosphate, since in a special 
experiment (129) glucolysis was allowed to proceed side by side with glucolysis 
inhibited by fluoride in the absence of added inorganic phosphate, with exactly 
the same results (see Table XV). 








Table XV 
Exp. 129 
ic Ns = 
42 6-day embryos 8-36 g. 
42 6-day embryos 8-35 g. wet wt. Ringer-bic. and 
wet wt. Ringer-bic. 52-8 ml. 20 mMol./l. NaF 52-8 ml. 
2-2 ml. 2-5% glucose 2-2 ml. 2-5% glucose 
23 hr. 23 hr. 
A ~ — P ——, 
% of water % of water 
mg./g. wet wt. soluble P mg./g. wet wt. soluble P 
Total P (direct) 0-400 — 0-280 — 
Ba-precipitable: 
Total P 0-160 — 0-112 _ 
Inorganic P 0-157 39-3 0-076 27-0 
Adenylpyrophosphate P 0-047 11-7 0-009 3-2 
HdP P 0-0 0 0-055 19-8 
Residual P 0-0 0 0-0 0 
Ba-soluble: 
Total P 0-245 = 0-167 — 
Phosphagen P Trace —— Trace — 
amr? 0-245 49-0 0-167 50-0 


This experiment suggested that the disappearance of most of the barium- 
precipitable phosphorus except the inorganic phosphorus, and the steady level 
of the barium-non-precipitable phosphorus, might be due, not to the action of 
the fluoride, but to the mere incubation of the embryos in Ringer-bicarbonate 
whether glucolysing or not. Experiments 142 and 143 were accordingly made to 
test this. Embryos were allowed to glucolyse for 3 hr. in Ringer-bicarbonate 
containing added phosphate as before. The only difference between these two 
experiments was that in the first of them (142) the Ringer contained no calcium 
(it had been omitted from the Ringer used in the fluoride experiments), while in 
the second one calcium was included to make the conditions as nearly normal as 
possible. This minor adjustment had no effect; in both cases the distribution 
of phosphorus at the end of the experiment was just as in the experiments 
with fluoride; i.e. an accumulation of inorganic phosphate at the expense of 
every other fraction except the stable non-fermentable barium-non-precipitable 
“‘hexosemonophosphate” fraction. 

The great difference between these experiments, with and without fluoride, 
is worthy of note. In Exp. 142, for example, where glucolysis was allowed to 
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proceed normally, fifty-four 6-day embryos were present, a wet weight of 
12-58 g., and they were given 55 mg. glucose. Taking the Q** at + 10-0 [Needham 
& Nowinski, 1937, p. 1171] this would mean between 20,000 and 38,000 zl. in 3 hr., 
so that all the glucose given was probably exhausted before the end of the period. 
On the other hand, when fluoride was present (Exps. 133 and 135) the glucolysis 
would have been hardly more than 100yl. Yet in spite of these great differences, 
the distribution of phosphorus between the various water-soluble fractions at 
the end of the period was much the same in both cases, and in neither case 
what would have been expected on the assumption that embryo follows the 
phosphorylation scheme accepted for muscle. 

It could have been suggested that the accumulation of hexosediphosphate, 
residual phosphate, and barium-non-precipitable phosphate would be seen if the 
distribution had been measured after a relatively short period of fluoride-in- 
hibited glucolysis. Later on, the activity of phosphatases of all kinds would 
monopolize the picture. But in Tables XIII and XIV we give an experiment 
(153) which shows that even after only half an hour the inorganic phosphate has 
nearly trebled its original proportion, while the adenylpyrophosphate and the 
residual phosphate have sunk a great deal below their normal level. The barium- 
non-precipitable fraction has, it is true, risen slightly, but figures of 60% had 
already been obtained for this fraction on perfectly fresh embryos (cf. Table X) 
so that no significance can be attached to it. 

Summing up, then, it may be said that when embryos are allowed to glucolyse 
in vitro the phosphagen phosphorus, the adenylpyrophosphate phosphorus, the 
“‘hexosediphosphate’’ phosphorus, and the residual barium-precipitable phos- 
phorus all fall to minimum levels. On the contrary the inorganic phosphorus 
correspondingly rises, while the large barium-non-precipitable ‘‘hexosemono- 
phosphate” fraction remains constant. These changes are already far advanced 
after only half an hour. They are not affected by the presence or absence of 
calcium or added phosphate in the medium. Most important of all, they are 
not affected by the almost complete suppression of the glucolysis by fluoride. 


SUMMARY 


1. During glucolysis methylglyoxal accumulates in small amounts. When 
glucolytic activity is much diminished, as by the dialysis of brei, there is no 
larger accumulation of methylglyoxal. 

2. Pyruvie acid accumulates during both autoglycolysis and glucolysis. 
Although in absolute amount it increases more during glucolysis, its amount 
relative to the total acid production is much less (thus in mg./hr./g. wet wt. 
0-35 in autoglycolysis, 0-83 in glucolysis; yet in percentage of the total acid 
production, 55% in autoglycolysis, 8% in glucolysis). This must mean that 
to a large pyruvic acid formation in autoglycolysis, a small pyruvic acid 
formation in glucose breakdown is added. 

3. The intensity of formation of pyruvic acid reaches a maximum after about 
half an hour’s glucolysis, falling off progressively afterwards. There is a coin- 
cidence between this maximum and the falling off of the anaerobic glycolytic 
rate, which begins as soon as the maximum is passed. 

4. At later stages (tenth day) the rate of pyruvic acid formation is about the 
same, although by this time uric acid excretion (in which pyruvic acid may be 
involved) has established itself. 

5. Aerobically, a certain proportion of lactate may be oxidized to pyruvate. 

6. Pyruvic acid formation during glycolysis was not affected in any way 
by addition of vitamin B,. 
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7. In the onset of glycolysis after substrate deprivation there is an induction 
period. This can be abolished by the addition of sodium pyruvate or of methylene 
blue. 

8. The rates of aerobic and anaerobic glycolysis and the rate of oxidative 
disappearance of lactic acid in the chick embryo were measured. 

9. The rate of oxidative disappearance of lactic acid is insufficient to account 
for the effect of oxygen in reducing glycolysis. In this respect the metabolism 
of embryo resembles that of cerebral cortex. 

10. The potassium effect is not seen in the embryo; in this respect the embryo 
differs from brain. 

11. The Pasteur effect is exhibited in the metabolism of mannose as well as 
in that of glucose in the chick embryo. 

12. A survey has been made of the distribution of phosphorus among the 
acid-soluble phosphorus compounds of the chick embryo, at the fifth day of 
development. 

13. Small amounts of inorganic phosphorus, phosphagen phosphorus, 
‘“‘adenylpyrophosphate”’ phosphorus, ‘“‘hexosediphosphate’”’ phosphorus and 
residual barium-precipitable phosphorus are present. 

14. The main peculiarity in the phosphorus distribution is the extremely high 
proportion of phosphorus not precipitable by barium. This fraction, which is 
very resistant to acid hydrolysis, is not fermentable by yeast and probably plays 
no part in the mechanism of carbohydrate breakdown. During later develop- 
ment it declines relatively in amount. 

15. The phosphorus distribution was also measured after varying periods of 
in vitro glucolysis. After a period of glucolysis inhibited by fluoride there was 
no accumulation of hexosediphosphate and of phosphoglyceric and glycero- 
phosphoric acids, as happens in muscle under similar conditions. On the 
contrary, the only change was an accumulation of inorganic phosphorus at the 
expense of all the other fractions save that not precipitable with barium. This 
change was found to occur also in the absence of fluoride during uninhibited 
glucolysis and to be well advanced half an hour from the beginning of the 
experiment. It may be concluded that the various phosphorus fractions in 
embryo have little to do with carbohydrate breakdown. 


One of us (R. P. C.) held a Beit Memorial Research Fellowship, another 
(W. W. N.) a Rockefeller Fellowship during the course of this work; gratitude is 
here expressed to both Foundations. The thanks of the authors are also due to 
Dr L. J. Harris, who kindly supplied them with crystalline vitamin B,. 
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Summary 


V. THE PHOSPHORYLATION CYCLES 


INTRODUCTION 
THE problem approached in the work here to be described arose from the 
marked substrate preference shown by the chick embryo, glucose and mannose 
being glycolysed, glycogen and hexosediphosphate not. Laying on one side the 
( 1210 ) 
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question of the mechanism of the glucolysis proper, for what reason, it may be 
asked, are the phosphorylated hexoses unattacked? If they penetrate the cell- 
wall, is it because the whole array of phosphorylation enzymes is lacking, or are 
certain essential steps, for one reason or another, impossible for the embryo? 
Recent work has shown [Ostern et al. 1935; Needham & v. Heyningen, 1935; 
Lehmann, 1935, 2] how adenylpyrophosphate is an essential phosphorus trans- 
porter in the phosphorylating cycles of muscle. It was therefore necessary to 
observe the effect of adding it to the embryo in the presence of substrates such 
as glycogen and hexosediphosphate. Since cozymase preparations may also 
function in this way, experiments with cozymase were also necessary [Vestin, 
1936]. 

We examined these problems in the following order: (1) the presence of 
adenylpyrophosphate and cozymase in the embryo, (2) the effects on glycogen 
and hexosediphosphate breakdown of added coenzymes, (3) the presence of 
each one of the enzymic mechanisms in the phosphorylation cycles. 


PRESENCE OF DEHYDROGENASE COENZYMES 


In an earlier paper of this series [Needham e¢ al. 1937] it was shown 
that the chick embryo during the first week of its development contains a fraction 
of barium-precipitable phosphorus which is hydrolysed by HCl in the boiling 
water-bath in 7 min. This fraction, which amounts to as much as 18 % of the 
total phosphorus of the trichloroacetic extract, must be partly adenylpyro- 
phosphate, if we may judge from work which has been done on other material. 
Another argument which makes it likely that adenylic acid is present, is that 
phosphagen is present from the 70th hour onwards [Baldwin & Needham, 1933], 
phosphagen-forming enzyme from the 40th hour [Lehmann & Needham, 1937], 
and up to now we know of no mechanism whereby phosphagen may be syn- 
thesized other than from phosphate carried by adenylic acid, even if disguised 
in cozymase [Vestin, 1936]. 

For a decision on the presence of cozymase in the early embryo the literature 
is not very helpful. The work of Waterman [1925] and of Kraut & Bumm [1928] 
may be disregarded, for (a) they only studied the effect of saline extracts of 
tissues on the glycolytic rate of kidney slices (unspecific stimulus), and (6) they 
give no particulars of the embryos used. Sym e¢ al. [1930], on the other hand, 
worked with apozymase. preparations and found a value of 1-6 for the rat 
embryo (age not stated, but probably near term), contrasting with 8-5 for 
skeletal muscle and less than 0-5 for a number of adult organs such as thymus 
and ovary. By the same method, it was found to be present in human placenta 
[v. Euler & Johansson, 1928]. Of embryos in early stages, nothing is to be 
found. 

In the present investigation the methods of the Lwoffs [1937] and Green [1936] 
were employed. The former is a test for either the Harden-v. Euler cozymase or 
the Warburg-Christian hexosemonophosphate codehydrogenase [Warburg & 
Christian, 1931]; i.e. coenzyme I and coenzyme II in Green’s nomenclature. It 
uses the glucose dehydrogenase of Bacillus influenzae, or, at a more dilute range, 
the growth rate of this organism, which requires the coenzymes as an accessory 
growth factor [see Lwoff & Lwoff, 1936]. The latter is a specific test for cozymase 
and employs the malic dehydrogenase of mammalian tissues. 

With the glucose dehydrogenase of B. influenzae trichloroacetic extracts of 
5- and 23-day chick embryos were strongly positive. Extracts were then made 
from embryos of 30 hr. incubation, about the time of the closure of the neural 
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folds. These were tested by the growth-promotion method on cultures of the 
bacillus, side by side with diluted yolk and white from the unincubated, but 
fertilized, egg. The results were as follows: 


Growth-promotion 


test 
30-hr. embryo t+tt+ 
Yolk pier 
White + 


Details of the preparation of extracts for coenzyme tests are given in the 
paper of Lwoff already quoted. The general conclusion was that either coenzyme 
I or coenzyme II, or both, exist in appreciable amounts right back to the stage 
of the open neural folds and to a smaller extent in the yolk (Exp. 186). 

We were next able to go far towards excluding coenzyme I (cozymase), by 
the method of Green. A number of 8-day embryos were ground with sand in 
30 ml. of trichloroacetic acid and the extract was concentrated in vacuo in a 
bath at 55° to 2 ml. and neutralized. The test with malic dehydrogenase of 
heart muscle then proved absolutely negative, though given by mammalian 
tissue brei without any concentration at all. Fearing, however, some destruction 
during the concentration, we performed the following experiment: 


Fourteen 7-day old embryos, with hearts still beating, were placed in 50 ml. 2% trichloro- 
acetic acid and ground with sand. Their wet weight was 12-6 g. The protein precipitate was 
removed by centrifuging and the centrifugate treated with saturated normal lead acetate solution 
till no further precipitate came down. To the centrifugate from this 2 ml. more of the lead solution 
were added. Weak alkali was then added till the solution was blue to thymol blue (pH 9), then 
the precipitate was quickly centrifuged and suspended in V/10 H,SO,. The lead sulphate resulting 
was centrifuged away. The solution was then brought to pH 5 with cold baryta and the barium 
sulphate removed. Concentration in vacuo at about 35° to 4 ml., followed by the addition of 
60 ml. 97 % alcohol gave a fairly voluminous white precipitate. This was washed with alcohol and 
ether and dried. On testing a solution of it by the malic dehydrogenase method, the result was 
completely negative, and a parallel control demonstrated the absence of any inhibitor. 


We may therefore conclude that coenzyme I (cozymase) in appreciable 
amounts is absent from the chick embryo at this stage, and therefore probably 
from all earlier stages (Exp. 187). It would be of much interest to follow the 
matter up by investigating later stages and the chick after hatching. 

At the stages used by us in this series of papers, then, adenylpyrophosphate 
and coenzyme II are probably present, but coenzyme I is probably absent. 


EFFECTS OF ADDITION AND REMOVAL OF ADENYLPYROPHOSPHATE, ADENYLIC 
ACID AND COZYMASE 


A partial explanation of the inability of the embryo to attack glycogen and 
hexosediphosphate might lie in the insufficiency or unavailability of the phos- 
phorus transporters present in the embryo at the stage in question. We therefore 
added these substances in various combinations to intact embryos, embryo brei 
and acetone powders of embryo prepared according to v. Euler e¢ al. [1936]. 
As extracts of embryo are invariably inactive, we shall not describe work with 
them. The general results may be summarized by saying that the effect of adding 
phosphorus transporters is always small and only sometimes demonstrable. 
When it appears it falls off after a comparatively short time and may be renewed 
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by the addition of more phosphate transporter. Sample experiments are the 
following :* 

Exp. 77. Effects of adenylpyrophosphate on hexosemonophosphate and hexosediphosphate 
breakdown of intact 4-day embryos; QX* HmP +0-78; HmP+APP +3-02; HdP +1-14; 


L 
HdP+APP +2-00. 
Exp. 79. The same, HmP +0-0; HmP+APP +0-84; HdP +0-0; HdP+APP +0-38. 


Exp. 166. Effect of cozymase on glycogen glycolysis of intact 4-day embryos; glycogen +0-0; 
glycogen +cozymase +0-11. 

Exp. 157. Effect of adenylpyrophosphate and magnesium on hexosediphosphate glycolysis 
of 54-day embryos; Q** glucose + 14-9; HdP +0-53; HdP+APP+Mg +1-92, +2-15. 

Exp. 177. Effect of adenylpyrophosphate on HdP and glycogen glycolysis, when tipped in 
during the experiment (see Fig. 1); 53-day embryos. yl. after tipping; autoglycolysis 5; HdP 20; 
HdP+APP 97; HdP+AA 90; glycogen + APP 85; glucose 190. Control on solutions alone 10-15. 

Exp. 177a. Effects of adenylpyrophosphate and adenylic acid on HdP and glycogen glycolysis, 
when tipped twice during the experiment (see Fig. 2); 63-day embryos. 

pl. after tipping 


eee ee meet 
First Second 


Autoglycolysis 15 15 
HdP+AA 43 48 
HdP +inorganic P+AA 60 _— 
Glycogen + AA 65 80 
Glycogen + APP 50 115 


Exp. 180. Adenylpyrophosphate and adenylic acid tipped into HdP; no rise at all (4-day 
embryos, intact). pl. after tipping, glycogen 2; glycogen+APP 102 (see Fig. 3). 

Exp. 182. Hexosediphosphate and adenylic acid tipped into 4-day intact embryos; no rise in 
any case. 

Exp. 185. Glucose tipped into 4-day intact embryos after autoglycolysis; great rise after 
induction period. Glycogen and APP present in another cup, also glycogen followed by APP 
tipped. pl.: glycogen + APP 63; glycogen + autoglycolysis 31; glycogen, tip APP 31; glucose 256 
(see Fig. 4). 

Exp. 160. Effect of adenylic acid on glycogen breakdown by 5-day embryo brei; yl. in 2 hr.; 
glycogen +inorganic P+Mg 37; glycogen+AA 19; glycogen+inorganic P+Mg+AA 21; no 
activation. 

Exp. 162. Effect of cozymase on hexosediphosphate breakdown by 6}-day embryo brei; 
pl. in 2 hr.; HdP 18; HdP +cozymase 41. 


1 In the following experiments, except when otherwise stated, the following conventions hold 
good: 
Material: 2-0 ml. of embryo brei, made by grinding in a mortar under ice-cold conditions, but 
not with sand; undiluted but buffered with stock bicarbonate in the usual proportions as if normal 
Ringer; kept, if necessary, in ice; or 1-3 weighed intact embryos. 

Glucose: 0-2 ml. of 2-5% to make 5 mg. per cup or just over 0-01 UM. 

Adenylpyrophosphate: 0-2 ml. containing 0-2 mg. of P hydrolysable in 7 min. 

Adenylic acid: 0-2 ml. containing 0-1 mg. organic P. 

Cozymase: prepared by the method of Myrback [1933] slightly modified; 0-2 ml. containing 
0-2 mg. organic P. 

Magnesium: 0-1—-0-3 ml. containing 0-7 mg. Mg as magnesium chloride in 0-3 ml. 

Hexosediphosphate: 0-2 ml. of 0-08 M, giving 5-2 mg. in the cup. 

Hexosemonophosphate: 0-2 ml. of 0-11 M, giving 6 mg. in the cup. 

Glycogen: 0-2 ml. of 2-5%. 

Inorganic phosphate: 0-2 ml. of 0-075 M. 

Abbreviations: AA, adenylic acid; APP, adenylpyrophosphate; HdP, hexosediphosphate; 


HmP, hexosemonophosphate. 
76—2 
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100 
Glucose 
Control 
0 Z 
= tip APP 
and AA 
a 200 Hdp tip APP 
Hdp tip APP 
100 ean tip App 
t Hdp 
Autoglycolysis 
0 : = 
0 10 20 30 40 50 60 70 


Time of exp. in min. 


Fig. 1. Effects of adenylpyrophosphate and adenylic acid on hexosediphosphate and glycogen 
glycolysis of embryo brei; a positive experiment (Exp. 177). 100 yl.=0-4 mg. lactic acid. 
Control on the solutions alone shown above, and a glucolytic rate on the same brei for 
comparison. HdP=hexosediphosphate, APP =adenylpyrophosphate, AA=adenylic acid, 
P=extra inorganic phosphate. 


Glucose 
Glycogen tip APP twice 
- Glycogen tip AA twice 
Glucose 
= 
= 
200 in = 0 
Hdp tip AA twice 
Hdp and P tip AA 
100 \ t 


Autoglycolysis 


WA 
0 10 20 30 40 50 60 70 80 9 100 110 
Time of exp. in min. 


Fig. 2. Another positive experiment (177a); successive amounts of coenzymes tipped during the 
glycolysis. For abbreviations and other particulars see Fig. 1. 
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Glycogen tip APP 


yl. 


50 





Glycogen 

0 

0 10 20 30 40 50 60 70 80 9 100 110 
Time of exp. in min. 


Fig. 3. Another positive experiment (180); utilization of glycogen only in the presence of added 
adenylpyrophosphate. For abbreviations and other particulars see Fig. 1. 


Autoglycolysis 
tip. glucose 








50 


0 10 20 30 40 50 60 70 80 9 100 110 120 130 140 
Time of exp. in min. 


Fig. 4. Another positive experiment (185); explanation in text. For abbreviations and other 
particulars see Fig. 1. 


Exp. 178. Addition of adenylpyrophosphate, adenylic acid and cozymase to 8-day embryo 


brei at the conclusion of the autoglycolysis, by tipping. 
HdP 10; HdP+AA 66; HdP+APP 64; HdP+cozymase 46; glycogen 10; glycogen 
glycogen + APP 64; glycogen + cozymase 34. 

Exp. 163. Effect of cozymase on glycogen breakdown by acetone powder of 63-day embryos 


ul. after tipping: autoglycolysis 6; 
+AA 61; 


pl. in 2 hr.; glycogen 6; glycogen + cozymase 30. 
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From all this it is clear that the effect of adding phosphate transporters is 
variable, slight and not long-continuing. As we shall see in section VI 
of this series (p. 1229), the effect of phosphate transporters on glucose breakdown 
is definitely nil. Exp. 147 was of especial interest in view of experiments 
described in the next section. A brei of 5-day embryos showed a very active 
glucolysis while at the same time its glycogen breakdown was only slightly 
increased by adding adenylpyrophosphate, inorganic phosphorus and magnesium, 
and in the presence of glycogen no esterification of inorganic phosphate was 
found. The figures were as follows: jl. in 2 hr. from 0-5 ml. brei: autoglycolysis 
30; glucose 354; glycogen 46; and glycogen+0-3 ml. 1/10 disodium hydrogen 
phosphate + 0-15 ml. adenylpyrophosphate (containing 0-075 mg. 7 min. P)+ 
0-15 ml. MgCl, solution (equivalent to 0-15 mg. Mg) 64. 

Addition of large amounts of adenylpyrophosphate to 9-day embryo brei 
maintained for a period at room temperature in order to inactivate coenzymes 
already present was no more successful (Exp. 183). Addition of 0-1-0-3 ml. 
2-5% sodium pyruvate to hexosediphosphate glycolyses gave values in no case 
significantly larger than the autoglycolysis (Exps. 141, 144). 


ADDITION OF PHOSPHORYLATED INTERMEDIATES 


The action of embryo brei upon the intermediates pyruvate, phospho- 
pyruvate, glycerophosphate and phosphoglycerate, not open to study by the 
manometric method, was checked by lactic acid estimations, according to 
Friedemann et al. [1927], (Exps. 155, 156). The results, shown in Table I, 
indicate that no appreciable lactic acid production occurs from these inter- 
mediates. The extra lactic acid production above the autoglycolysis value (about 
0-73 mg.) is some 4-7 mg./g. dry wt. or one-twelfth that of the glucolysis value 
after subtraction of the autoglycolysis, namely, 57-5 mg./g. dry wt. It will be 
noticed that, owing to the acid nature of the substrates, the calculated lactic 
acid productions are only a certain percentage of the estimated lactic acid 
productions, and were it not for the considerable autoglycolysis, these per- 
centages would be much lower still. 


THE ENZYMES OF THE PHOSPHORYLATION CYCLES AND THE 
ENTRY OF PHOSPHORIC ESTER INTO THE CELL 


We now examined step by step the question of the existence of the separate 
constituent enzymes of phosphorylating glycolysis (phosphorus estimations in 
trichloroacetic acid (2%) filtrates according to Fiske & Subbarow [1925]; 
hydrolyses according to Lohmann [1928]; phosphoric esters all carefully freed 
from barium, neutralized, and expressed in terms of mg. phosphorus). 

Aldolase (zymohexase), which converts hexosediphosphate into triose- 
phosphate, was first investigated. 


Exp. 340. Four 4-day intact embryos gently shaken at 37° for 2 hr. in Ringer-bicarbonate 
2-6 ml. each, containing each 0-9 mg. hexosediphosphate P, in 5% CO,/N, gas mixture. From 
the previous experiments [Needham & Nowitiski, 1937] we know that under these conditions the 
embryos freely form lactic acid from glucose, but not from hexosediphosphate. Phosphate 
estimations showed that the hexosediphosphate had not been dephosphorylated, but that triosephos- 
phate had been formed. This, which, as Meyerhof & Lohmann [1934] showed, can be estimated as 
alkali-labile phosphate, stands in equilibrium with hexosediphosphate. In our experiments, 
the triosephosphate appeared already in 10 min. and rose to a maximum during a period 


of 2 hr. 
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1 embryo in 2-6 ml. Ringer-bicarbonate containing 0-9 mg. HdP P 


Inorganic P after alkali Alkali- Decrease of 
Time in hydrolysis labile P HdP P 
min. mg. mg. mg. mg. 
0 0-12 0-12 — — 
10 0-13 0-15 0-02 0-03 
45 0-16 0-22 0-06 0-10 
120 0-20 0-40 0-20 0-28 


Thus after 2 hr. only 69% of the original amount of hexosediphosphate is 
still present; 22° has been changed into triosephosphate and 9% has been 
broken down to inorganic phosphate. 

From this experiment, it is important to note, it follows that the hexosedi- 
phosphate passes into the intact embryos, yet, apart from the 9% dephos- 
phorylated, is not broken down under precisely the same conditions as allow of 
a vigorous formation of lactic acid from glucose. The relatively slow production 
of triosephosphate probably results from the fact that the equilibrium 


Mol. cone. HdP P 


(Mol. cone. triosephosphate Pe 











establishes itself not in the total volume of 2-6 ml., but only in the interior of 
the embryo, where the hexosediphosphate comes into contact with the aldolase. 
The prolonged osmotic return of the triosephosphate through the embryo’s 
surface into the solution and the corresponding entry of more hexosediphosphate 
eventually lead to a reflection in the whole system of the state of affairs existing 
within the embryo. 

Investigation of the aldolase was continued under such conditions as to 
exclude the presence of coenzymes. 


Exp. 312. Twenty-three 6-day embryos ground to a brei and maintained 2 hr. at 37°, so that 
all easily hydrolysable phosphorus should be broken down [Needham et al. 1937]. The brei 
then kept 24 hr. at 0°. 1 ml. of this brei, corresponding to 2 embryos, added to 1 ml. solution 
containing 4:34 mg. HdP P and 0-62 mg. inorganic P with 1-0 mg. Mg as magnesium chloride. 

As a control, and for comparison, the same solution was added to 1 ml. of a 3-weeks-old 15-hr. 
dialysed rabbit muscle extract. i otar 


Triose- 
alkali phosphate 
Inorganic P hydrolysis P formed 
mg. mg. mg. 
Rabbit muscle extract 
0 min. 0-64 0-63 — 
30 min. at 37° 0-85 1-05 0-20 
Embryo brei 
0 min. 0-73 0-73 _ 
30 min. at 37° 1-08 1-35 0-27 


The fact that in muscle extract freed from coenzymes, as also in embryo 
brei freed from coenzymes, the same amount of triosephosphate is formed, makes 
it very probable that the same equilibrium and the same enzyme, aldolase, 
occur. The comparatively low amount of triosephosphate formed may be 
explained by the exceptionally large addition of magnesium, which is known to 
shift the equilibrium in favour of hexosediphosphate [Meyerhof, 1935; Taka- 
hashi, 1935]. 

The proof of the penetration of hexosediphosphate into the embryonic 
tissues seemed to us of such importance that we made further efforts to establish 
it by testing for aldolase in the medium in which embryos had been for some time 
immersed. As the following experiment (400) shows, this test was quite negative, 
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i.e. no appreciable amount of the enzyme leaks out from the intact embryos 
under the conditions of our experiments. 


Exp. 400. 6-day-old embryos were carefully washed three times in Ringer solution and then 
distributed, in groups of three, to five manometric cups, each containing the usual 2-6 ml. Ringer- 
bicarbonate solution. After various treatments the alkali-labile phosphorus was estimated. 
Cups 1 and 2 contained sodium hexosediphosphate (1 mg. P); the former was precipitated with 
trichloroacetic acid at 0 min.; the latter was shaken anaerobically for 2 hr. in the bath at 37°, the 
gas phase containing the usual mixture of 5% CO,. Cup 3 was like cup 2, but without hexose- 
diphosphate. Cups 4 and 5 also had no hexosediphosphate; at the end of 2 hr. the embryos were 
carefully filtered off from the medium, and the former (6 embryos) made into 4-5 ml. of brei with 
distilled water. Four tubes (6, 7, 8, 9) were then put up, two with 2 ml. embryo brei, and two with 
2 ml. of the medium. Hexosediphosphate was added to each, as above, and while one of each 
was estimated at 0 min., the other was held at room temperature for 30 min. The results follow: 


Alkali-labile 


Inorganic phosphate + 
inorganic P Difference 
Cup mg. mg. mg. 
1 0 min. intact embryos + HdP 0-11 0-14 0-03 
2 120 min. intact embryos + HdP 0-54 0-76 0-22 
3 120 min. embryos alone 0-23 0-23 0-00 
Tube 
6 0 min. embryo brei + HdP 0-21 0-21 0-00 
7 30 min. embryo brei + HdP 0-28 0-38 0-10 
8 0 min. medium + HdP 0-03 0-07 0-04 
9 30 min. medium + HdP 0-03 0-07 0-04 
Calculation of turnover Alias tahile 
(triose- Total 
Inorganic P phosphate) turnover 
formed P formed in % of 
Time from HdP from HdP HdP 
min. mg. mg. added 
(a) HdP +intact embryo in Ringer-bicarbonate 120 0-32 0-22 54 
(6) HdP + Ringer-bicarbonate in which the 30 0 0 0 
embryos had been shaken 120 min. 
(c) HdP +brei of embryos used for (5) 30 0-07 0-10 17 


In contrast to the enzyme system of glucolysis proper, the aldolase of the 
embryo is readily water-soluble, and the transformation of hexosediphosphate 
into triosephosphate goes on in aqueous extracts. 


Exp. 319. 6-day embryos were made into a brei under ice-cold conditions and ground (2 parts 
to 3 parts) with ice-cold distilled water, centrifuged and the centrifugate used for the experiment. 
To 1 ml. extract 0-5 ml. solution was added containing 1-24 mg. HdP P. 


P after Alkali- 

Inorganic alkali labile P 

F hydrolysis formed 
mg. mg. mg. 
0 min. 0-05 0-09 _- 
15 min. at 37° 0-06 0-27 0-17 
15 min. at 37° + cozymase 0-05 0-24 0-15 


It was impressive that even after the addition of cozymase this fresh embryo- 
extract only formed triosephosphate and no inorganic phosphate. According to 
Vestin [1936] and D. M. Needham [1936] cozymase preparations can substitute 
perfectly in muscle extract for adenylic acid, as phosphate transporter. Meyer- 
hof & Ohlmeyer [1937] have also shown that it plays an irreplaceable part in the 
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dismutation of triosephosphate to phosphoglyceric acid; here acting as hydrogen 
transporter. Therefore the embryo’s failure to carry the breakdown further than 
triosephosphate cannot be due to the lack of cozymase. 

We accordingly proceeded to investigate the later stages of the phosphory- 
lation cycles. In general we did not succeed in demonstrating any enzymes in 
the embryo which form phosphoglyceric acid from triosephosphate. But all the 
enzymes concerned in the breakdown of phosphoglyceric acid are present, as is 
shown by the following experiments: the reversible transformation of phospho- 
glyceric into phosphopyruvic acid, the transport of phosphate from phospho- 
pyruvic acid to adenylic acid with the formation of adenylpyrophosphate and 
finally its dephosphorylation with the appearance of inorganic phosphate or 
phosphagen. 


Exp. 325. Ninety-six 3-day embryos were ground with their own weight of distilled water, 
left 1 hr. at room temperature, and centrifuged. The extract was stored for 3 days at 0°. 2 ml. 
extract were added to 2-9 ml. of a solution containing 0-68 mg. inorganic P; 1-61 mg. phospho- 
glyceric acid P; 2-0 mg. Mg. Time of experiment 5 hr.; temp. 37°. 


Easily 
hydroly- Total 
sable P Phospho- turnover, 

Increase % of (HCl: pyruvic % of % of 

Inorganic inorganic added 180 min. rE added added 
P r PG -inorganicP) appearing PG PG 
Conditions mg. mg. re mg. mg. P P 
0 min. 0-81 — — 0-92 — ee pass 
5 hr. 0-81 0-0 0 1-47 0-55 34 34 
5hr.+0-3mg.APPP 1-45 0-64 40 1-84* 0-62 39 79 


* Including 0-3 APP P. 


From this experiment it is clear that even in the 3-day chick embryo enzymes 
are present which can convert phosphoglyceric acid into phosphopyruvic acid 
(transformation of difficultly hydrolysable into easily hydrolysable phosphorus) 
and can dephosphorylate the phosphopyruvic acid in the presence of adenyl- 
pyrophosphate. It is remarkable that, although the experiment lasted 5 hr., and 
plenty of magnesium was present, there was no increase whatever in the inorganic 
phosphate when adenylpyrophosphate was absent. 

The individual components of this reaction chain were repeatedly tested in 
brei, washed brei and extracts, and could always be demonstrated. From each 
step a few sample experiments may be given. 

The reversibility of the phosphoglyceric —= phosphopyruvic acid trans- 
formation was shown as follows. 

Exp. 317. 0-5 ml. of 6-day embryo brei, previously stored for 48 hr. at 0° (corresponding to 
1 embryo), added to 0-25 ml. of a solution containing 0-46 mg. phosphopyruvic P, and 0-05 mg. Mg. 
After 30 min. at room temperature 0-1 mg. of difficultly hydrolysable P (phosphoglyceric P) had 
been formed. 

Exp. 322. By working at 37° this enzyme could be shown to be active even in a dilution of 
the brei 1 to 10. 0-3 ml. of 4-day embryo brei, previously stored for 24 hr. at 0° (1 ml. corresponding 
to 2 embryos), was added to 2-8 ml. of a solution containing 1-25 mg. phosphopyruvic P; 0-68 mg. 


inorganic P; 1 mg. Mg; 0-2 ml. sodium bicarbonate 2-6%. 
Increase in 
Inorganic P+P difficultly 


hydrolysable —_ hydrolysable P % 
in 60 min. (phospho- turnover 
Inorganic P N HCl glyceric P) to phospho- 
mg. mg. mg. glyceric P 
0 min. 1-10 2:35 —_ — 
60 min. at 37° 1-22 1-86 0-49 39 
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Thus at a 1 to 10 dilution of 24-hr.-old enzyme solution 39% of the added 
phosphopyruvie acid was transformed into phosphoglyceric acid. This is of 
much interest since the equilibrium between these two acids is known in muscle 
extract to be extremely sensitive to dilution or ageing [Lehmann, 1935, 2]. This 
fact, as will be seen later, is important in relation to fluoride inhibition of 
embryo glycolysis. 

Since, as the foregoing experiments (319, 325 etc.) have shown, all the 
enzymes of the phosphorylating cycles that can be demonstrated in embryo at 
all, can be demonstrated equally well in aqueous extracts (in contrast to gluco- 
lysis proper), it was of interest to see whether this last enzyme, known to be one 
of the weakest of the whole system, could also be found in the residual protein 
mass from the centrifugate. 


Exp. 320. 5-day embryos were ground to a brei and washed twice with 10 times their volume 
of ice-cold distilled water, for 30 min. The second extract having been removed on the centrifuge, 
the residue was diluted with distilled water until 1 ml. of the mixture corresponded to 2 embryos. 

1 ml. of the mixture was added to 5 ml. of a solution containing 1-25 mg. phosphopyruvie P; 


1-25 mg. inorganic P; 0-25 mg. Mg; 0-3 ml. 2-6% bicarbonate. 
Increase in 


Inorganic P + P difficultly 
hydrolysable hydrolysable P % 
in 60 min. (phospho- turnover 
Inorganic P N HCl glyceric P) to phospho- 
mg. mg. mg. glyceric P 
0 min. 1-24 2-48 _— — 
20 min. at 37° 1-33 2-12 0-22 18 


The transport of phosphorus from phosphopyruvic acid to adenylic acid 
(adenosinemonophosphate) was examined with special attention since it is 
known that in some of the invertebrates this substance cannot act as phosphorus- 
acceptor from phosphopyruvic acid, but is replaced by adenosinediphosphate 
(Lehmann [1935, 2] for the crayfish ; Lohmann [1936] for the octopus). The result 
might therefore have recapitulatory significance. It should be noted that owing 
to the different hydrolysis rates of phosphopyruvic acid and the easily hydro- 
lysable phosphorus of adenylpyrophosphate it is possible to calculate the 
proportion of each in the 7 min. fraction. In this, adenylpyrophosphate is 
hydrolysed 100%, phosphopyruvic acid only about 50%, the remainder of 
phosphopyruvic will be the difference between the 60 and the 7 min. values. 


Exp. 307. Twenty-eight 6-day embryos were ground to a brei, 5 ml. of ice-cold 0-9% KCl 
added, and the mixture left half an hour in ice, then centrifuged and inactivated by leaving 
a further half-hour at room temperature. After 2 days’ storage at 0° the extract was used. 1 ml. 
was added to 2 ml. of a solution containing 1-2 mg. phosphopyruvic P; 0-5 mg. adenylic acid P; 
0-7 mg. inorganic P; 2-0 mg. Mg; 0-1 M/2 bicarbonate. Experiment done at room temperature. 


Increase 7min. Increasein 60 min. Turn- Turn- 
of P+ adenyl- P+ Total P over; over 
Inorganic inorganic inorganic pyrophos- inorganic (in- decrease % of 
P r Fr phate P , cinerated) of PP P original 
mg. mg. mg. mg. mg. mg. mg. Pr? 
0 min. 0-87 _ 1-50 _— 2-08 2-23 — — 
30 min. 1-17 0-30 1-74 0-24 2-00 2-24 0-62 50 


It is clear, therefore, that 0-24 mg. of adenylpyrophosphate phosphorus has 
been formed at the expense of phosphopyruvic acid phosphorus, and therefore 
that adenylic acid can act as transporter of phosphopyruvic phosphorus in the 
embryo. Furthermore 0-3 mg. of inorganic phosphorus has been formed. Only 
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0-08 mg. difficultly hydrolysable, phosphoglyceric, phosphorus has been formed, 
no doubt because the adenylic acid is rapidly phosphorylated. This enzyme also 
could be demonstrated in the residual protein mass after aqueous extraction. 


Exp. 318. 6-day embryos were ground to a brei and extracted as in Exp. 320. The residual 
protein mass was used after storage at 0° for 24 hr., and diluted to the same concentration as 
before. 0-5 ml. of the mixture was added to 1-05 ml. of a solution containing 0-82 mg. phospho- 
pyruvic P; 0-5 mg. Mg; 0-62 mg. inorganic P. Experiment done at 37°. 


Increase 
Increase 7 min. Increase in 60 min. of 
of P+ adenyl- P+ difficultly Total P 
Inorganic inorganic inorganic pyrophos- inorganic —hydro- (in- 
5 2 gE phate P r lysable P cinerated) 
mg. mg. mg. mg. mg. mg. mg. 
0 min. 0-73 — 1-24 = 1-54 — 1-57 
30 min. 0-80 0-07 1-20 0-0 1-42 0-09 1-54 
30 min. +0-25 mg. 1-03 0-30 1-42 0-27 1-54* 0-06 1-74 


adenylic acid P 
* Including 0-05 adenylic acid P hydrolysed in 60 min. 


In the absence of adenylic acid, very little phosphoglyceric acid is formed 
and very little inorganic phosphate. In the presence of adenylic acid, 0-3 mg. of 
inorganic P is freed from phosphopyruvic acid (37%) and 0-27 mg. of adenyl- 
pyrophosphate P (another 33%) is formed. The total turnover from phospho- 
pyruvic acid to adenylic acid, therefore, since the inorganic phosphate has 
passed through adenylpyrophosphate, amounts to 70%. 

In a separate experiment the dephosphorylation of adenylpyrophosphate 
was shown. 


Exp. 316. Four 6-day embryos were made into a brei and inactivated by leaving at room tem- 
perature. 0-8 ml. of the brei, corresponding to 1-2 intact embryos, was added to 0-32 ml. of 
adenylpyrophosphate solution containing 0-20 mg. 7 min. P. The mixture was left 30 min. at 37°. 


7 min. Dephos- 
P +inorganic phorylated 
Inorganic P P 7 min. P 
mg. mg. mg. 
0 min. 0-13 0-34 — 
30 min. 0-32 0-37 0-19 


Thus 100% of the adenylpyrophosphate was dephosphorylated. The stationary behaviour of 
the sum of the 7 min. P and the inorganic P shows that the increase of the latter cannot have come 
from other sources than the adenylpyrophosphate added. 


We also investigated the question whether in the early embryo also the 
Parnas reaction occurs, that is to say, the transport of phosphorus from phos- 
phopyruvic acid to creatine with adenylic acid as carrier. We shall give further 
details on this question elsewhere [Lehmann & Needham, 1937], for it has 
aspects of recapitulatory interest; here we only wish to give one experiment 
showing that aqueous extracts of embryo can perform the Parnas reaction. 


Exp. 324. Forty-eight 5-day embryos were ground in an ice-cold mortar with sand and 12 ml. 
of ice-cold distilled water added. After 1 hr. standing in ice, the mixture was centrifuged and 15 ml. 
of extract obtained. The extract was then held at 0° for 4 days to damage the adenylpyrophos- 
phatase by ageing. To 3 ml. of the extract were added 3-5 ml. containing 1-10 mg. phosphopyruvie 
P; 0-2mg. 7 min. adenylpyrophosphate P (except in one case as shown below); 0-68 mg. inorganic P; 
0-8 mg. Mg. 
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Increase of 


difficultly 

Increase of 60 min. P+ hydrolysable 
Inorganic _inorganic inorganic P, minus 
and and Increase of and correction 


phosphagen phosphagen phosphagen phosphagen for adenylic Total P 
P P r r Padded (incinerated) 


mg. mg. mg. mg. mg. mg. 

0 min. 0-97 — —- 2-17 — 2-44 
40 min. at 40°* 1-06 0-09 —_ 1-67 0-30 — 
40 min. at 40° 1-17 0-20 — 1-93 0-24 — 
40 min. at 40° + 1-49 0-52 0-32 2-19 0-0 — 


10 mg. creatine 
* Adenylpyrophosphate absent. 


In the absence of adenylic acid 0-3 mg. phosphoglyceric acid was formed; in 
its presence 0-24 mg. was formed; but if creatine was also present, no phospho- 
glyceric acid at all was formed. Creatine is thus rapidly phosphorylated, the 
phosphopyruvice acid steadily decreasing, and the conditions for phosphoglyceric 
acid formation are made less favourable. When adenylic acid is absent the 
inorganic+ phosphagen phosphorus increases by 0-09 mg.; when it is present 
0-11 mg. more is formed. This may be partly phosphagen phosphorus, since 
the embryo extract will contain a little creatine. On further addition of creatine, 
the inorganic+ phosphagen phosphorus goes up to 0-32 mg. more than before, a 
rise which must be regarded as wholly due to creatinephosphate. 

Lastly, we must consider the esterification of glycogen. We were never 
successful in bringing this about, though we have reason to believe (see p. 1227) 
that it is not absolutely impossible. Whether adenylpyrophosphate, or cozymase, 
were present or not, and in the presence or absence of fluoride or iodoacetate, 
we never observed any decrease of inorganic phosphate. 


THE BLOCKAGE AT THE TRIOSEPHOSPHATE STAGE 


The evidence given in the preceding section shows that all the enzymes 
concerned in the phosphorylation cycles are present in the chick embryo during 
the first week of its development, with the exception of those effecting (a) the 
esterification of glycogen with inorganic phosphate in the presence of coenzyme, 
(b) the dismutation of triosephosphate to phosphoglyceric acid. To this last 
statement, however, we must now add a qualification, namely, that in about 
10% of our experiments hexosediphosphate was nearly completely broken down 
on the addition of coenzyme. This observation, of course, is in agreement with 
the results found in the manometric experiments described earlier in this 
paper, where coenzymes were added, and also with the occasional results found 
in the cases of glycogen and glucosemonophosphate without addition of co- 
enzymes by Needham & Nowinski [1937]. 

In the following three experiments, we show, first, the usual course of events, 
in which triosephosphate accumulates as the experiment continues; secondly, 
a case in which the step was successfully passed but, fluoride being present, 
phosphoglyceric acid accumulated; thirdly, one of the rare cases in which the 
whole of the process was passed through. 


Exp. 343. Fourteen 6-day embryos were rapidly ground under ice-cold conditions and the brei 
was diluted to 10 ml. with distilled water. 30 min. after the opening of the first egg, to each ml. 
of the brei 2-3 ml. of solution were added containing 2 mg. hexosediphosphate P; 0-3 ml. 1-3% 
bicarbonate and 0-1 ml. 2N sodium pyruvate. 
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Experiment done at 37° 
Alkali-labile | Triosephosphate 
Inorganic P_ = P+ inorganic P 2 


Conditions mg. mg. mg. 

0 min. 0-12 0-17 0-05 
60 min. 0-60 1-01 0-41 
60 min. +0-4 mg. adenylic acid P 0-65 1-03 0-38 
60 min. + 0-4 mg. AA P + cozymase 0-21 0-61 0-40 
60 min. +0-4 mg. AA P+10 mg. glyceraldehyde 0-51 0-86 0-35 
60 min. + 0-4 mg. AA P+12 mg. methylglyoxal 0-26 0-70 0-44 
60 min. +0-4 mg. AA P+2-5 mg. glutathione 0-55 1-02 0-47 
60 min. +0-4 mg. AA P+5 mg. glucose 0-46 0-94 0-48 


This experiment, one of many, is reproduced here largely to show that, under 
all possible conditions, no considerable dephosphorylation of hexosediphosphate 
occurs, but an accumulation of triosephosphate. Even with a liberal supply of 
pyruvic acid (necessary for the dismutation) and in the presence of cozymase, 
the state of affairs does not alter. Yet it is necessary to remark that under these 
very conditions maximum glucolysis takes place. Furthermore, attention may 
be drawn to the slight unspecific dephosphorylation of hexosediphosphate which 
always occurs, even in the presence of fluoride. This may be a non-enzymic 
dephosphorylation of the triosephosphate in trichloroacetic acid. What is 
probably the same phenomenon has been observed by Tsuzuki [1936] working 
on tumour; there it may be also due to the action of unspecific phosphatases [cf. 
Takahashi, 1935]. 

The next experiment is one of the few where we found difficultly hydrolys- 
able phosphorus (phosphoglyceric phosphorus) formed at the expense of hexose- 
diphosphate. 


Exp. 332. 6-day embryos made into a brei under ice-cold conditions and used 35 min. after 
opening of the first egg. 3 ml. (corresponding to 3-5 embryos) were added to 1-5 ml. of a solution, 
which in all cases contained 1-17 mg. hexosediphosphate P and 1 mg. Mg. 


Results in mg. P 


Newly- 
Easily formed 
hydro- Easily difficultly 
Increase lysable P hydro- Change in hydro- 
in (180 min.) lysable P Total P_ difficultly lysable P 
Inorganic inorganic +inorganic (HdP and (in- hydro- (phospho- 
re P triose P) cinerated) lysable P — glyceric P) 
(1) Omin. 1-18 ~_ 2-34 1-16 3-98 coin as 
(2) 60 min. 1-81 0-63 2-68 0-87 — — 0-34 — 
(3) 60 min. + 1-59 0-41 2-95 1-36 — -0-61 — 
M/100 NaF 
(4) 60 min. + 2-54 1-36 2-91* 0-37 — — 0-57 — 
1-2 mg. adenylic 
acid P 
(5) 60 min. + 1-66 0-48 2-36* 0-70 _— —0-02 +0-55 


1-2mg. AAP+ 
M/100 NaF 
* After subtraction of 0-24 mg. adenylic acid P (20% of that added). 


Explanation of results. Sample 2 shows that some of the difficultly hydrolysable P (not identical 
with phosphoglyceric P) in the embryo, is broken down in an hour, and as sample 3 shows, this 
process is not inhibited by fluoride. Hexosediphosphate is practically not dephosphorylated, 
except in sample 4, where adenylic acid is added. In sample 5, where adenylic acid and fluoride 
are both present, inorganic P appears as usual from the same source as in samples 2 and 3, but 
the loss of difficultly hydrolysable P previously seen is masked by the breakdown of hexosedi- 
phosphate arrested in the phosphoglyceric stage by the fluoride present. 


eT re ree 





(TT LL TER ES - eT 





CARBOHYDRATE METABOLISM OF THE EMBRYO 1225 


This experiment requires some comment. In the first place, it is shown that 
here the addition of adenylic acid increases the breakdown of hexosediphosphate, 
leading to an increase of inorganic phosphate at the expense of the easily 
hydrolysable phosphate. This process is sharply inhibited by fluoride, just as in 
muscle, and in the place of inorganic phosphate difficultly hydrolysable phos- 
phorus (phosphoglyceric phosphorus) accumulates. Hence there has been a 
fermentation of hexosediphosphate through the triosephosphate stage. It will 
also be noted that, just as in the experiments of Needham e¢ al. [1937], the 
barium-precipitable difficultly hydrolysable phosphorus already in the embryo 
breaks down, a process which is quite unaffected by fluoride. We do not believe 
that this fraction has much to do with carbohydrate metabolism. 

The last experiment to be mentioned in this connexion is one of the rare 
cases in which, by the addition of adenylpyrophosphate, hexosediphosphate 
was completely broken down. It parallels, therefore, the fitful appearance of 
glycogen and hexosediphosphate breakdown in the manometric experiments 
already described. 


Exp. 331. 5-day embryos dropped directly from the eggs into 3-5 ml. of a 0-9% NaCl solution 
at 37° containing in each tube 2 mg. hexosediphosphate P. The embryo hearts continued to beat 


in the solution, during gentle shaking. Taman: ins 
Inorganic P inorganic P 

Conditions mg. mg. 

0 min. embryo 0-50 _- 

30 min. embryo 0-59 0-09 

30 min. embryo + allantois 0-63 0-13 

30 min. embryo + 0-1 mg. 7 min. P APP 2-66 2-16 


PRESENCE OF COENZYME OF PHOSPHORUS TRANSPORT 


The fact that so small an amount of adenylpyrophosphate was added in 
Exp. 331 and yet proved so effective, permits a calculation regarding the amount 
of effective coenzyme present in the embryo itself. A fifth-day embryo has a 
volume of 0-15 ml., so that the amount of adenylic acid phosphorus here added to 
the embryo interior was 2y. The living embryo must therefore contain something 
less of adenylic acid phosphorus than this, whether free or part of the cozymase 
molecule. 

Before taking up the discussion we will add another experiment which shows 
how small and insufficient, even if present, the amount of dephosphorylating 
coenzyme must be. 


Exp. 346. Five 8-day embryos ground under ice-cold conditions and diluted with ice-cold 
distilled water to 10 ml. brei. 1 ml. corresponded to half-an embryo. From opening the first egg 
to the addition of the brei to substrates at 37°: 4 min. 1 ml. brei added to 0-7 ml. solution containing 
0-1 ml. stock bicarbonate. Time 30 min., except initial. Results in mg. P. 


Increase in P hydro- 
inorganic lysable 
Increase Pfrom 7 min. in 
in phospho- P+ 60 min. + 
Inorganic inorganic pyruvic inorganic APP P inorganic 
Conditions ls P P ¥ formed P 
0 min. brei alone 0-14 _ — — — — 
30 min. brei alone 0-28 0-14 — — _— — 
30 min. brei+0-55 mg. phos- 0-45 0-31 0-17 0-69 — 0-82 
phopyruvic P 
30 min. brei+0-55 mg. phos- 0-45 0-31 0-17 0-68 — 0-81 
phopyruvic P 
30 min. brei +0-55 mg. PP P+ 0-68 0-54 0-40 0-84 0-16 0-97* 


0-4 mg. adenylic acid P 


* Of this figure, 0-15 mg. is adenylic acid P. 
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Thus when adenylic acid was added, the amount of dephosphorylated phos- 
phopyruvic acid was 100 % of that added; of this 73°% was found as inorganic 
phosphorus and 27 % as adenylpyrophosphate phosphorus. On the other hand, 
in the absence of adenylic acid only 30 % was broken down and found as inorganic 
phosphate. Of this small change, too, something must be attributed to the 
action of the unspecific phosphatases [cf. Takahashi, 1935]. 


Discussion 


The manometric experiments contained in the first part of this paper, and 
the work on the enzymes of the phosphorylation cycles contained in the second 
part, explain each other. The marked preference of the chick embryo for glucose 
rather than glycogen or hexosediphosphate as substrate, and the somewhat 
small and variable results obtained when coenzymes are added to the latter in 
manometric experiments, can now be clearly referred to a deficiency of the 
phosphorylation machinery at four distinct places: 

(1) The enzyme esterifying glycogen. 

(2) The enzyme system dismuting triosephosphate with pyruvate to phos- 
phoglyceric and lactic acids. 

(3) Lack of adenylpyrophosphate. 

(4) Lack of cozymase. 

We do not suggest that these enzyme and coenzyme deficiencies are absolute, 
for occasionally a certain activity may be shown, especially if coenzymes are 
added. The conception, however, is reached that in early embryonic life the 
phosphorylation machinery is not yet fully laid down. We would refer, in this 
connexion, to facts already mentioned in the first paper of this series, which 
show that in chicks towards the end of development and even at birth in mammals 
the normal phosphorylation has not established itself in the muscle. 

The state of affairs in the young embryo can hardly be appraised without 
comparison with what is known of tumour and of adult brain. 

A reference to Table IV in the first paper of this series (p. 1172) illustrates the 
well-known fact that adult mammalian brain tissue breaks down glucose in 
preference to glycogen or hexosediphosphate. There is in the literature, however, 
one exception to this generalization, namely, the work of Takasaka [1927], who 
obtained in his experiments on brain nearly as much lactic acid from glycogen 
as from glucose. In the series of papers on brain metabolism by Holmes & 
Ashford [Ashford & Holmes, 1929; 1931; Holmes, 1933; Ashford, 1933; 1934] 
it was not held that phosphorylation had no place in the carbohydrate 
metabolism of that tissue, but much evidence was adduced in favour of the 
existence of a non-phosphorylating path. However, v. Euler e¢ al. [1936], using 
acetone powders, and independently Mazza & Malaguzzi-Valeri [1935], in 
extracts, were able to demonstrate the presence of the whole of the enzyme 
system responsible for the phosphorylation cycles. The Swedish authors also 
claimed that glucose itself passed through the phosphorylation mechanisms. It 
must be admitted that the figures of lactic acid productions, given by v. Euler 
and his collaborators, who worked with water extracts concentrated as acetone 
powders, were very small. Geiger [1935], on the other hand, had only very small 
glycogen breakdowns by brain brei. In view of the work on the embryo recorded 
in the present series of papers, and the findings of Tsuzuki [1936] on tumour 
tissue, it appears that the glucolytic enzyme (or enzymes) is not so soluble in 
water as the enzymes of the phosphorylation cycles. The most probable con- 
clusion is that the phosphorylation machinery exists in adult brain, and in a 
more efficient form than we could find in the embryo. 
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The state of affairs in tumour is not dissimilar. There also glucose is preferred 
as substrate to glycogen or hexosediphosphate [see Table IV of Needham & 
Nowinski, 1937, p. 1172]. Yet many investigators [Boyland & Mawson, 1934; 
Boyland & Boyland, 1935; Mawson, 1936; Scharles et al. 1935, 1, 2] have found 
in tumour the complete phosphorylation system, just as in muscle. Most of 
these, however, admit that the course of carbohydrate breakdown in tumours 
has certain peculiarities, and other workers find the peculiarities to be quite far- 
reaching. In particular, Calé [1935] and Tsuzuki [1936] found great inefficiency 
in the conversion of pyruvic into lactic acid by dismutation with 3-carbon 
phosphoric esters; precisely the step which we find to be in most cases impossible 
for the embryo. This similarity between the imperfectly organized phosphory- 
lation system of embryo and that of tumour is of no little biological interest. 


VI. GLUCOLYSIS WITHOUT PHOSPHORYLATION 


INTRODUCTION 


Work already described in the foregoing papers of this series has given 
many indications that the glucolysis of the chick embryo, contrary to what 
has been established for some adult tissues, does not involve the phosphory- 
lation of hexoses. We are now to describe experiments designed expressly to 
settle the question of the existence of a non-phosphorylating glycolysis. The 
subject is by no means one of mainly embryological interest, for the preference 
of the embryo for glucose as opposed to glycogen or hexosediphosphate is so 
strong that it offers itself as a valuable material whereby eventually the me- 
chanism of non-phosphorylating glucolysis may be elucidated. 

The starting-point of our observations was that under no one of a variety of 
conditions could we observe any esterification of phosphate in the presence of 
glycogen or glucose, although the latter, unlike the former, is vigorously broken 
down by intact embryo or embryo brei. At no stage of glucose breakdown could 
any variation of the inorganic phosphate level be observed, even if abundant 
coenzyme and excess of phosphate were added. Nor did the presence of fluoride 
or iodoacetate have any effect upon this situation. 

Let us take as an example of such experiments one in which a brei of 5-day 
old embryos was made (Exps. 147 and 308) by grinding in an ice-cold mortar 
followed by immediate addition of the substrates. Acid formation (mano- 
metrically measured) from glycogen did not exceed the autoglycolysis, but 
glucose and methylglyoxal were powerfully fermented. Yet the inorganic 
phosphate level was in all cases exactly the same, even when inorganic phosphate 
and adenylpyrophosphate were added, with or without fluoride //50. 


mg. lactic acid 


formed in mg. inorganic P 
2 hr. change 

Brei alone 0-12 0-03 
Brei + glucose 1-42 0-05 
Brei + methylglyoxal 0-80 — 

Brei + glycogen 0-16 0-07 
Brei + glycogen +APP+P+Mg --- 0-02 
Brei + glycogen + APP +P + Mg+Fl — 0-04 


N.B. Changes in inorganic P not exceeding 0-05 mg. are not regarded as significant, under the 
conditions of this experiment. 0-5 ml. brei (corresponding to 2 embryos) ; 101 mg. glucose; 7 mg. 
glycogen; 5 mg. methylglyoxal; P=0-62 mg. inorganic phosphate (Na,HPO,); ‘APP =01 mg. P 
hydroly sable in 7 min.; Mg= 0-2 mg. Mg as “MgCl, ; Fl=M/50 sodium fluoride. 
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EFFECTS ON GLUCOLYSIS OF ADDITION AND REMOVAL OF 
FREE PHOSPHATE 


Although it was thought improbable that the lack of free phosphate could be 
a factor limiting the glucolytic rate of intact embryos, a few experiments were 
performed to test the point. Glucosamine, a substance of relevance in view of 
its occurrence in the egg-proteins [see Needham & Nowinski, 1937, p. 1169], was 
also tested in the presence of added phosphate. In neither case was there any 
increase in the glycolytic rate (Table II). 


Table II. Comparison of glycolyses in presence and absence of phosphate ; 
intact embryos 
t 


—-.-——- --/ FF 


Substrate + in- 


organic 
phosphate 
0-0012 M 
(equivalent Substrate + phos- Substrate + phos- 
Age Substrate to normal phate phate 
Exp. days alone Ringer) 0-0024 M 0-0047 M 
Glucose 
37 3} +17-14 +18-14 +21-34 +20-04 
38 27 +32-92 + 26-22 +25-02 +19-72 
39 } +18-80 +17-67 + 14-00 +12-30 
Glucosamine 
45 4} + 0-0 + 0-3 + 0-0 — 
46 23 + 0-0 _— + 0-0 + 00 


In their work on the glycolytic mechanisms of mammalian brain, which is 
thought to possess both phosphorylating and non-phosphorylating mechanisms, 
Ashford & Holmes [1929] studied the effect of eliminating all free phosphate as 
nearly as possible by the use of calcium chloride. They found that the formation 
of lactic acid from glucose proceeded normally after such treatment, and that 
subsequent addition of inorganic phosphate had practically no effect on the 
glycolysis. Although we know that dialysed muscle extract, for instance, which 
is practically free from inorganic phosphate, can glycolyse glycogen perfectly 
if adenylpyrophosphate is present, nevertheless a serious decrease of glycolytic 
rate occurs if inorganic phosphate is absent. 

We endeavoured to apply this calcium method to the chick embryo. It 
proved exceptionally difficult to free the embryo from inorganic phosphate in 
this way. Preliminary shaking at 38° in N,/CO, gas mixture for half an hour in 
presence of M/22 CaCl, as well as allowing the glucolysis to proceed in its 
presence, did not succeed in removing all the free phosphate. Nor did the 
substitution of beryllium chloride for calcium chloride [Kay & Skill, 1934] lead 
to any better result, although beryllium phosphate is much less soluble than 
calcium phosphate in solutions rich in carbon dioxide. It was then thought 
that in younger embryos the cells might be more permeable to the calcium ion, 
so that by using them and at the same time increasing the strength of the 
calcium chloride, the desired effect might be obtained. As Exps. 14 and 15 show 
(Table III), this actually happened; the reduction of glucolysis rate was very 
small in the presence of calcium ten times as strong as that previously employed, 
and yet the free phosphate had been reduced to a trace. A similar effect was seen 
in another experiment where the embryos were made into a brei. 








Abbreviations. Bo: borate-Ringer at pH 8-15. Bo-Ca, 12-0: borate-Ringer containing 1 ml. 12% CaCl,/g. wet 
wt. embryos. Usual R: Ringer-bicarbonate (Krebs-Henseleit) as used in all other experiments. Ca-R, 12-0: 
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Table III. Glucolysis after elimination of free inorganic phosphate 
by precipitation with Ca 


Ringer-bicarbonate with similar addition of 12% CaCl,. 


Exp. 
14 


— 





Nature of 
preliminary 
treatment, 
duration Nature of Result of phosphate 
3 hr., medium No. of test on extracted 
Age in anaerobic, during parallel Average embryos after the 
days Condition 38° glucolysis exp. Qk experiment 
3} Intact Bo alone Usual R 1 + 76 
Bo-Ca, 12-0 Ca-R, 12-0 3 + 85 Faintest traces only 
33 Intact Bo alone Usual R 1 +10-8 
Bo-Ca, 12-0 Ca-R, 12-0 1 + 99 Trace only 
4 Brei Bo alone Usual R 2 + 75 
+ Brei Bo-Ca, 12-0 Ca-R, 12-0 2 + 55 Traces only 


These results serve as further contributory evidence against the intervention 
of phosphorylation in embryo glucolysis. 


EFFECTS OF ADDITION AND REMOVAL OF ADENYLPYROPHOSPHATE, 
ADENYLIC ACID AND COZYMASE 


As already mentioned [Needham e¢ al., 1937, p. 1200] there exists in the 
chick embryo a certain amount of barium-precipitable phosphorus hydrolysed 
by HCl in 7 min., of which it is to be presumed that a good deal, at any rate, is 
adenylpyrophosphate. Furthermore, it was seen (p. 1212) that, although the 
Warburg-Christian hexosemonophosphate codehydrogenase (coenzyme II) is 
always present throughout development, the presence of cozymase itself 
(coenzyme I) is very doubtful. If present, it must exist only in the smallest 
amounts. 

The study of glucose breakdown in embryos therefore necessitated the 
addition of adenylpyrophosphate, adenylic acid and cozymase to glucolysing 
embryos in view of the possibility that their glucolytic rate might thereby be 
increased. Conversely the removal of adenylpyrophosphate by inactivation or 
dialysis was studied. It may be said at once that we were never able to observe 
an appreciable effect of any of these substances on glucolytic rate, whether of 
intact embryos, brei, or acetone powders prepared according to the method of 
v. Euler et al. [1936]. Sample experiments are the following.* 


Exp. 173. Effect of adenylpyrophosphate on glucolysis of intact 4-day embryos, Q*? 
glucose + 15-1, glucose +adenylpyrophosphate + 12-3. 
Exp. 77. Effect of adenylpyrophosphate on glucolysis of intact 4-day embryos, in presence 
of added inorganic phosphate (twice and four times the usual amount in the Ringer), Q}?: 
Phosphate Phosphate Phosphate 


Ringer Ringer x 2 Ringer x 4 
Glucose +18-4 +18-5 + 16-2 
Glucose + adenylpyrophosphate +21-5 14-8 +21-0 


1 In the following experiments, except when otherwise stated, the following conventions 


hold good: 
Material. 2-0 ml. of embryo brei; made by grinding in a mortar under ice-cold conditions, but 
m9 


bis 
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Exp. 157. Effect of adenylpyrophosphate on glucolysis of intact 54-day embryos, in presence 
of added magnesium; Q*%, glucose +14-9, glucose + adenylpyrophosphate and Mg +10-1. 

Exp. 168. Effect of cozymase on glucolysis of intact 43-day embryos; yl. in 2 hr.; glucose 294; 
glucose + cozymase 288, 299; mannose 291; mannose + cozymase 332. 

Exp. 173. Effect of cozymase on glucolysis of intact 4-day embryos; Q¥*, glucose + 15-1; 
glucose + cozymase + 10-5. 

Exp. 160. Effect of adenylpyrophosphate on glucolysis of brei of 5-day embryos, in presence 
of 1 mg. inorganic P and 0-5 mg. Mg; yl. in 24 hr.; glucose 37; glucose + adenylpyrophosphate 33. 

Exp. 162. Effect of cozymase on glucolysis of 63-day brei; glucose 212 yl. in 3 hr.; glucose + co- 
zymase 214 yl. in 3 hr. 

Exp. 155. Effect of magnesium alone on glucolysis of 6-day embryo brei; yl. in 2 hr.; glucose 
721; glucose + Mg 688. 

Exp. 163. Effect of cozymase on glucolysis of 64-day embryo acetone powder; yl. in 2 hr.; 
glucose 60; glucose + cozymase 36. 

Exp. 165. Effect of adenylic acid and adenylpyrophosphate on glucolysis of 64-day embryo 
acetone powder; yl. in 1} hr.; glucose 139; glucose +adenylic acid 151; glucose + adenylpyro- 
phosphate 141; glucose + cozymase 169. ‘ 


Glucolysis is equally unaffected by allowing brei to stand at room temperature 
for a length of time sufficient to destroy any adenylpyrophosphate contained 
in it. 

Exp. 183. Brei of 9-day embryos allowed to wait an hour at 18° for inactivation; pl. in 1 hr.; 
glucose before inactivation 800; glucose after inactivation 792; autoglycolysis 360. 


Finally, during the course of a number of dialysis experiments made in 
another connexion (see below), it was invariably found that a large glucolysis 
could occur after a dialysis sufficient to remove all coenzyme, and that further- 
more when the glucolytic activity seriously declined, it could not be restored at 
all either by adenylpyrophosphate or cozymase or magnesium. 


Exp. 192. Brei of 6-day embryos dialysed against tap water for 16 hr. at 0°; an aliquot part 
maintained undialysed at the same temperature; yl. in 14 hr.; (undialysed) glucose 515; (dialysed) 
glucose 6; glucose + adenylpyrophosphate 4. 

Exp. 194. Brei of 9-day embryos dialysed against tap water for 13 hr. at 0°. yl. in 1} hr.; 
(undialysed) glucose 269; (dialysed) glucose 34; glucose + Mg 41, 45; glucose + Mg + inorganic P 58. 

Exp. 197. Brei of 8-day embryos dialysed against tap water for 14 hr. at 0°, then against a 
further lot of tap water for 1} hr.; yl. in 14 hr.; (undialysed) autoglycolysis 149; glucose 637; 
(dialysed) autoglycolysis 92; glucose 390. 

Exp. 215. Brei of 8-day embryos dialysed against 0-45% KCl for 23 hr. at 0°. 


pl. 
Brei alone 3 
Brei + glucose 61 
Brei + glucose + cozymase 43 
Brei + glucose + cozymase + Mg 53 








not with sand; undiluted but buffered with stock bicarbonate in the usual proportions as if normal 
Ringer; kept, if necessary, in ice. Or 1-3 weighed intact embryos. 

Glucose. 0-2 ml. of 2-5% to make 5 mg. per cup or just over 0-01 M. 

Adenylpyrophosphate. 0-2 ml. containing 0-2 mg. of P hydrolysable in 7 min. 

Adenylic acid. 0-2 ml. containing 0-1 mg. organic P. 

Cozymase. Prepared by the method of Myrbiack [1933] slightly modified; 0-2 ml. containing 
0-2 mg. organic P. 

Magnesium. 0-1-0-3 ml. containing 0-7 mg. Mg as magnesium chloride in 0-3 ml. 

Hexosediphosphate. 0-2 ml. of 0-08 MV, giving 5-2 mg. in the cup. 

Hexosemonophosphate. 0-2 ml. of 0-11 M, giving 6 mg. in the cup. 

Glycogen. 0-2 ml. of 2.5%. 

Inorganic phosphate. 0-2 ml. of 0-075 M. 





- 
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Exp. 206. Brei of 6-day embryos dialysed against 0-9% KCl for 19 hr. at 0°, one change, 
after 2 hr.; yl. in 2 hr.; autoglycolysis 46; glucose 411. 

Exp. 209. Brei of 7-day embryos dialysed against Ringer solution (no bicarbonate) at 0° for 
40 hr.; wl. in 1} hr.; autolgycolysis 105; glucose 650. 


The last two of these experiments, typical of others, are particularly striking, 
since, after a prolonged dialysis, amply sufficient to remove free adenyl com- 
pounds, powerful glucolyses are observed. It could, however, be urged that a 
certain fraction of cozymase or other adenyl compound may remain bound to 
the structure of the disintegrated cells, and so unable to pass through the wall 
of the dialysing sac (cf. the work of Parnas & Lutwak-Mann [1935] on the 
protein precipitate of muscle). This possibility could only be tested by experi- 
ments of another sort, shortly to be described. 


FLUORIDE INHIBITION 


The next line of attack to be pursued was that of the action of fluoride, in the 
hope that the two paths of carbohydrate breakdown might be selectively 
sensitive to this inhibitor. The results, which showed in a very clear-cut way that 
this is actually the case, are condensed as follows: 


Exp. 123. 43-day embryos were suspended in Ca-free Ringer-bicarbonate and glucolysis was 
measured manometrically. 


No. of ; 

exps. @:° 
Glucose 2 +8-40 
Glucose + M/200 NaF 2 +3-25 
Glucose + M/150 NaF 1 +2-30 
Glucose + M/100 NaF 2 +0-71 


Exp. 223. 8-day embryos were made into a brei under ice-cold conditions. 1-4 ml. brei were 
mixed with 1-2 ml. solution in each cup containing varying amounts of fluoride, and in all cases 
4 mg. glucose, the whole buffered to the usual extent with bicarbonate. Glucolysis was measured 
manometrically. Meanwhile the same brei with the same varying additions of fluoride was 
incubated with 1-9 mg. of phosphoglyceric acid P and (in some cases) with 0-5 mg. adenylic acid P. 


pl. in 75 min. 
(after tipping) 


Autoglycolysis 60 
Autoglycolysis + M/50 NaF 110 
Glucolysis 397 
Glucolysis + M/200 NaF 264 
Glucolysis + M/100 NaF 76 
Glucolysis + M/50 NaF 54 
Easily hydro- 
lysable P — inorganic P 
(after subtraction of 
Inorganic P adenylic acid P) 
Additions to brei mg. mg. 
0 min. +adenylic acid + phosphoglyceric 0-20 0-34 
120 min.; no addition 0-41 0-08 
120 min. +.M/50 NaF 0-56 0-11 
120 min. + adenylic acid + phosphoglyceric 1-40 0-40 
120 min. + adenylic acid + phosphoglyceric + 0-39 0-08 
M/200 NaF 
120 min. + adenylic acid + phosphoglyceric + 0-32 0-05 
M/100 NaF 
120 min. + adenylic acid + phosphoglyceric + 0-41 0-15 


M/50 NaF 
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These relationships are shown graphically in Fig. 5, where it will be seen, 
first, that the progress of the inhibition with increasing fluoride concentration 
on the glucolysis of the intact embryo is in good agreement with the figures 
earlier obtained by Dickens [cit. in Needham, 1932], and secondly that the 


O| x 


Intact 


® 
oS 


—_— *—* 
M/200 ~=M/I150) M/00 8§=©M/50 
Concentration of fluoride 


Fig. 5. Comparison of the anaerobic glucolysis rates of intact embryos and embryo brei with the 
phosphoglyceric acid > phosphopyruvic acid reaction, at various concentrations of fluoride. 
The inhibition would appear complete if the autoglycolysis were subtracted. 

e Dickens’s values. o x, * Our values. 


inhibition is exactly the same upon brei as upon the intact embryo, although the 
amount of enzyme present in the cup is perhaps ten times as much in the case 
of brei as in the case of intact embryo. Particular attention is drawn to the fact 
that the glucolysis of the embryo is very resistant to fluoride, for at M/200 where 
the formation of lactic acid from glycogen in muscle is 90 % inhibited [Lohmann, 
1931], embryo glucolysis is only inhibited between 40 and 50%. It is of much 
interest that the glucolysis of adult brain [Ashford & Holmes, 1929; Dickens & 
Simer, 1929] is more sensitive than embryo glucolysis, 80%, being lost at 1/200 
fluoride. In the last-mentioned paper, indeed, a number of tissues were examined 
for the sensitivity of their glucolyses to fluoride; it was found that, whereas rat 
sarcoma, brain and retina were nearly as sensitive as muscle, rat testis and 
kidney gave resistances of the same order as that shown by the chick embryo. 
Dickens & Simer were tempted to the generalization that wherever the initial 
glucolysis rate was high, there the fluoride sensitivity was great, and vice versa. 
This was supported by some of their own experiments on different samples of 
human carcinoma, but is somewhat controverted by the results described here 
for the chick embryo, which as is well known has a high glucolytic rate. They 
also noticed that the effect of fluoride was small on the aerobic glycolysis of rat 
testis, but not on that of rat sarcoma. 
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The bearing of this on the question of whether glucose passes through the 
phosphorylation route may be considerable, since, as Exp. 223 above demon- 
strates, the inhibition of the conversion of phosphoglyceric acid into phospho- 
pyruvic acid by the embryo was already complete at M/200 fluoride. The 
conclusion is thus inescapable that two separate ways of breakdown exist in 
the embryo, one phosphorylating, the other not, and we would especially 
emphasize, in view of the known variability of inhibitions with fluoride (perhaps 
due to varying amounts of calcium in the tissue), that our experiments were 
performed on samples of the same brei at the same time. 

It is of interest that Meyerhof [1932] found that lactic acid formation from 
glucose by haemolysate free from erythrocyte structure was more sensitive to 
fluoride than lactic acid formation by the cells themselves. He attributed this 
to permeability differences, but we would suggest that it may be accounted for 
by the low solubility of the non-phosphorylating system in water. 


THE COMBINED EFFECT OF HEXOKINASE AND FLUORIDE OR GLYCERALDEHYDE 


All the facts which have so far been described in this series of papers are 
consonant with the conclusion that in the embryo there are two possible paths 
of carbohydrate catabolism (1) the path of phosphorylation, essentially similar 
to that in muscle and yeast, but seriously deficient at four distinct places, so 
that glycogen and hexosediphosphate are not vigorously broken down, (2) a 
non-phosphorylating path of glucose breakdown, closely bound to the cell 
structure, but yet exceedingly active. The differential fluoride inhibition, 
described in the last section, goes far to prove that this is so. No proof has yet 
been given, however, that in the developing egg itself glucose is not phosphory- 
lated and passed through the phosphorylation route. It was thought that 
particularly convincing evidence on this point could be obtained by the combined 
use of hexokinase and fluoride or glyceraldehyde. 

Hexokinase [Meyerhof, 1927; 1936, 1] is the enzyme or apo-enzyme (“‘hetero- 
phosphatese” [Miiller, 1933; v. Euler & Adler, 1934; 1935] isolated from yeast 
which converts glucose into hexosemonophosphate prior to the yeast fermenta- 
tion of glucose. In the absence of such a “‘phosphatese”’, and if the phosphory- 
lation route is the only one present, as in muscle extract free from cell structure, 
glucose is not broken down. Glyceraldehyde, as we have already seen [Needham 
& Nowinski, 1937, p. 1178] is a specific inhibitor for glucose, but not hexosedi- 
phosphate, breakdown in animal tissues. If now we block the phosphorylation 
route by a carefully chosen fluoride concentration, and if at the same time we 
insert hexokinase into the system, the breakdown of glucose should be reduced 
or stopped. The hexokinase should shunt it into the phosphorylation route and 
there it should remain, ultimately in the form of phosphoglyceric acid, without 
being able to give rise to any lactic acid. Conversely, by the action of glyceralde- 
hyde we may block the non-phosphorylation path, but not the phosphorylation 
path. Hence the combined action of hexokinase and glyceraldehyde should, if 
the phosphorylation path is a real alternative for glucose breakdown, lead to a 
reversal of the usual glyceraldehyde inhibition, lactic acid being formed from 
phosphorylated hexose. If, on the other hand, no such lifting of the inhibition 
took place, it would be possible to go further and to say that in all probability, 
even in the intact egg, the embryo’s glucolysis is not performed with the aid of 
the phosphorylation cycles. 

Such shunting experiments, in which the glucose is placed under conditions 
favourable to phosphorylation if such a process is possible, would also allow of 











1234 J. NEEDHAM AND H. LEHMANN 


the exclusion of the possibility, not covered by any of the previous experiments, 
that glucose breakdown may occur with very small phosphate changes. Addition 
of intermediates, it may be urged, may lead to unphysiological accumulations of 
esters, which in the nascent state might have been broken down. 

It may be noted that in all cases brei made with distilled water to abolish 
the cell-integrity was used; hence it cannot be argued that hexokinase had no 
entrance to the glucolytic system. 

Before describing some of these experiments, mention must be made of two 
minor but necessary controls: 

(a) test of the activity of the hexokinase preparation, 

(6) proof that glyceraldehyde does not inhibit hexosediphosphate break- 
down. 

Exp. 213a. Hexokinase prepared from yeast according to the method of Meyerhof [1927]. 
To 3 ml. of freshly prepared frog muscle extract 0-3 ml. of 2-5% glucose and 0-5 ml. of water or 


hexokinase solution were added. 
Glucose, mg. 
(Hagedorn-Jensen) 
0 min. + hexokinase 10-05 
35 min. 10-03 
35 min. + hexokinase 8-30 


There was also a decrease in inorganic phosphate. The disappearance of about 2 mg. of glucose 
shows that the activity is of about the same order as that of Meyerhof’s preparations. 

Exp. 2136. The observation of Holmes [1934] that glyceraldehyde does not inhibit the break- 
down of glycogen or of glucose + hexokinase in muscle extract was repeated using hexosediphos- 
phate as substrate. Fresh frog muscle extract was set up with substrate and inhibitor as follows 


(room temperature; 0-8 mg. hexosediphosphate) : einen te 
Inorganic P inorganic P 
mg. mg. 
0 min. + HdP 0-35 —_ 
45 min. + HdP 0-48 0-13 
45 min. + HdP + 0-6 mg. glyceraldehyde 0-44 0-09 
45 min. + HdP + 2-5 mg. glyceraldehyde 0-49 0-14 


We also confirmed the observation of Holmes on glucose + hexokinase. Glyceraldehyde had 
no inhibitory effect; on the contrary, glucose breakdown was somewhat increased; no doubt 
because the glyceraldehyde formed hexosemonophosphate with the triosephosphate arising 


[Meyerhof et al. 1936]. 


We can now proceed to describe, first, the combined effect of hexokinase 
and fluoride, secondly, the combined effect of hexokinase and glyceraldehyde. 

From the preceding section it may be concluded that the best fluoride 
concentration to choose for inhibiting the phosphorylating but not the non- 
phosphorylating path is 1/200, and this was used in the following experiment. 


Exp. 195. 7-day embryos were ground to a brei under ice-cold conditions, and 2-0 ml. were 
added to each cup. Fluoride, where added, M/200; inorganic phosphate, where added, 0-025 M, 
i.e. five times as strong as that present in the experiments described in the first section of this 
paper. Hexokinase 0-5 ml. of the preparation (HK). Lactic acid formation measured mano- 


metrically. pl. in 2} he. 
Brei + glucose 761 
Brei + glucose + HK 20 
Brei + glucose + NaF 490 
717 


Brei + glucose + inorganic P 
Brei + glucose + inorganic P + NaF 


Brei + glucose + inorganic P +HK 635 
Brei + glucose + inorganic P +HK + NaF 285 (inhibition 55%) 


362 (inhibition 50%) 
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Thus it is quite plain that the inhibition by fluoride is exactly the same 
whether in the presence or in the absence of hexokinase (55%; 50%). Yet if it 
had been possible to shunt the glucose into the phosphorylating route, the 
inhibition should have been much greater, perhaps even complete, in the 
presence of hexokinase. The fact that it is exactly the same in either case, and 
that the value it reaches at this fluoride concentration is the same as that shown 
for glucose breakdown without hexokinase in Fig. 5 must mean that hexokinase 
cannot transfer glucose to the phosphorylation route in competition with the 
non-phosphorylation route. Perhaps it might, however, if it were aided by the 
blockage of the latter with glyceraldehyde. This brings us to the next type of 


experiment. 


Exp. 216. 7-day embryos were ground to a brei under ice-cold conditions and used as in the 
experiment just described, with the exception that M/200 and M/40 glyceraldehyde were added 
in some cases. The former concentration was equivalent to that used by Mendel [1929] in his 
original experiments with glyceraldehyde. As shown before [Needham & Nowiiiski, 1937, p. 1179] 
the inhibition caused by concentrations of this order is partly reversed after the lapse of about 
an hour. In the table here, therefore, inhibitions are calculated for the first hour as well as for 


the whole 2} hr. Glucose 2-5 mg. in all cases. 


Inhibitions 
Fae 
First First 
Whole hour Whole hour 
period only period only 
pl. pl. % % 
HK + glucose (no brei) 3 — a = 
Brei alone 140 — — = 
Brei + HK 94 zn es — 
Brei + glucose 631 525 
. \ 73-2 | 41-0 
Brei + glucose + M/40 glyceraldehyde 168 — J | 
Brei + glucose + M/200 glyceraldehyde 595 311 
Brei + glucose + HK 562 406 | 
\ os 45-5 
| 


Brei + glucose + HK + M/40 glyceraldehyde 189 
Brei + glucose + HK + M/200 glyceraldehyde 500 22 


From this we see that the inhibition by glyceraldehyde, at whichever con- 
centration or time it be taken, is exactly the same whether hexokinase be present 
or not. This must imply that however favourable the conditions—as here owing 
to blockage of the non-phosphorylating path—glucolysis cannot proceed through 
the phosphorylating path. 

Lest it should be suggested that in the preceding experiment insufficient 
inorganic phosphate was present to allow of the thorough esterification of the 
glucose, we made a special experiment on the combined action of hexokinase 
and glyceraldehyde in the presence of extra inorganic phosphate. 


Exp. 218. 7-day embryo brei in ice made as before. To 1-6 ml. brei were added, in the appro- 
priate cases, 5 mg. glucose; 0-2 ml. glyceraldehyde 1-25% (to make M/40), or water; 0-5 ml. 
hexokinase solution; and inorganic phosphate to make the same molar concentration as in 
Exp. 195 (hexokinase-fluoride). This experiment was conducted somewhat differently from the 
preceding one in that instead of tipping both glucose and glyceraldehyde, here glucose was 
present from the beginning, and only in those cups in which glyceraldehyde was tipped did the 


glucolysis fall off sharply. 














1236 J. NEEDHAM AND H. LEHMANN 


pl. in Inhibition 
a 


1} hr. As 
Brei + inorganic P 116 _— 
Brei +inorganic P + HK 94 _ 
Brei + inorganic P + glucose 611 | 72-8 
Brei +inorganic P + glucose + glyceraldehyde 166 . 
Brei + inorganic P + glucose + HK 683 | 77-8 
Brei + inorganic P + glucose + HK + glyceraldehyde 152 
Brei + glucose 515 | 68-9 
Brei + glucose + glyceraldehyde 160 
Brei + glucose + HK 631 ) 73-2 
Brei + glucose + HK + glyceraldehyde 169 J 7 


Lack of inorganic phosphate cannot therefore be held responsible for the 
failure of the glucose to enter the phosphorylation route. In all cases the 
inhibitions are the same. 

In examining the foregoing experiments it may be observed that in several 
instances hexokinase seems to produce a slight diminution (amounting perhaps 
to 20 or 30 yl.) when compared with controls without hexokinase. It might be 
thought that this represents a small fraction of glucose which is phosphorylated 
and ends blocked as phosphoglyceric acid. We do not believe, however, that 
the amount of glucose which is esterified in these experiments is ever more than 
minimum, since in Exp. 218 we followed up the glucolytic periods by phosphate 
estimations and determinations of triosephosphate by hydrolysis to methyl- 
glyoxal and inorganic phosphorus according to the method of Ariyama [1928]. In 
no circumstances was there any decrease in inorganic phosphate as might have 
been expected had there been any considerable esterification and triosephosphate 
formation; nor was any appreciable amount of triose to be found other than the 
glyceraldehyde itself, which presumably, as in the experiments described in the 
first paper of this series, remained for the most part unaltered. 


THE COMBINED EFFECT OF HEXOSEDIPHOSPHATE AND GLYCERALDEHYDE 


If the accumulations of triosephosphate from hexosediphosphate described 
on pp. 1217-1218 were allowed to occur in the presence of glyceraldehyde, then 
according to the findings of Meyerhof e¢ al. [1936] the triosephosphate should 
combine with the glyceraldehyde, forming hexosemonophosphate and the 
inhibition of glucolysis should be removed. The following figures show that 
this is exactly what happens. Glyceraldehyde inhibition in the presence of 
hexosediphosphate is much less efficient than in its absence. 


6-7 day embryo brei 





pl./ml. brei 
= , + 
- % inhibition 
glyceraldehyde —_ 
+ 
HdP + hexosedi- + G 
Exp. cone. Alone glyceraldehyde _ phosphate G +HdP 
243 M/130 315 38 123 88 61 
244 M/65 151 24 74 84 51 
245 M/29 204 54 89 73 56 


N.B. Glyceraldehyde concentration always 2-5 mg./ml. brei. 


These experiments afford further proof both for triosephosphate accumu- 
lation and for a non-phosphorylating path inhibited by dl-glyceraldehyde, for if 
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hexosediphosphate were formed from glucose in the normal course of breakdown, 
glyceraldehyde would not inhibit it. That the reversal of glyceraldehyde in- 
hibition by hexosediphosphate is not complete would be expected from the 
fact that the reaction 


1 Hexosediphosphate — Triosephosphate + glyceraldehyde 
~> hexosemonophosphate 


is an equilibrium one. As has been already shown [Needham & Nowinski, 1937, 
p. 1176], hexosemonophosphate is unattacked by the embryo, hence, after a 
certain point is reached at constant temperature, the disappearance of glyceralde- 


hyde practically ceases. 
Discussion 


The general conclusion which emerges from this paper and the preceding 
ones in the series is that the chick embryo in the early stages of its development 
possesses at least two paths of carbohydrate breakdown, the non-phosphorylating 
route of glucose and the phosphorylating route of glycogen. The latter, moreover, 
appears to be seriously deficient at several points, showing that at an early 
stage of ontogenesis the machinery of the phosphorylation cycles is not yet fully 
installed. In the absence of fuller information about the machinery of non- 
phosphorylating glucolysis we cannot give any answer to the question proposed 
at the opening of the first paper of this series, namely, whether glucolysis proper 
is not a fundamentally simpler process than the protein and fat combustion 
which succeed it later in the ontogenetic process. The conception of it as a 
simpler process is at any rate not adversely affected by any of the results we 
have obtained, and it clearly exists in maximally active form at a time when 
phosphorylation breakdown can only proceed with great difficulty, if at all. In 
this connexion the absence of glycogen as a reserve material from the eggs of 
birds is interesting; we know [lit. in Needham, 1931] that glycogen is synthesized 
only slowly during incubation and, until midway through development, mainly 
in the yolk-sac and not in the embryo. Nevertheless the rise of the phosphory- 
lation system seems to lag much behind the beginning of the glycogenic function 
of the liver; the latter dates from the eleventh day of incubation, while, as we 
have seen, even the chick’s muscles on the fifteenth day do not show the expected 
predominance of phosphorylation, and the work of Schénfelder [1935] bears this 
out in the case of mammalian muscle at and shortly after birth. There may also 
perhaps be some connexion between the non-phosphorylating character of the 
glucolysis of the early embryo and the very high glycolytic rate which itexhibits. 

Although it may be that non-phosphorylating glucolysis is a simpler process 
than either phosphorylating carbohydrate breakdown or protein or fat cata- 
bolism, we wish to avoid the suggestion that any recapitulatory significance 
attaches to it. The mere existence of phosphorylation in the classical case of the 
yeasts is sufficient to require this. However, the work of Reiner et al. [1936] 
is of interest in this connexion, for they found that trypanosomes produce 
anaerobically from every molecule of glucose one molecule of glycerol and one of 
pyruvic acid, with no indications of phosphorylation. This gives significance to 
the failure of Krijgsman [1936] to find any glycogen in trypanosomes. 

From what has gone before it will be evident that we are forced by our 
experiments to join the number of those recent investigators who admit the 
existence of non-phosphorylated carbohydrate breakdown, e.g. Ashford & 
Holmes [1929] for mammalian brain; Gaddie & Stewart [1934] for mammalian 
heart; Nord et al. [1936] and Nilsson & Alm [1936] for yeast; above all Geiger 
[1935], who showed glutathione to be the coenzyme of non-phosphorylating 
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breakdown, as adenylpyrophosphate is that of phosphorylating breakdown. The 
failure of Meyerhof & Kiessling [1936] to confirm his results may have been due 
to the fact that they used muscle extract incapable of breaking down glucose 
except when shunted into the phosphorylation path by hexokinase. The non- 
phosphorylating glucolytic mechanism is, as we have seen, very difficult to 
obtain in tissue extract, and extracts would be expected to differ according to 
the efficiency of removal of cell debris by centrifuging. In the presence of 
hexokinase no activating effect of glutathione would be expected. 

The non-phosphorylating glucolytic mechanism can really only be studied in 
those tissues which need no hexokinase for glucolysis. Haarmann [1932] has 
already given a list of such tissues. We only wish to add the suggestion, prompted 
by a view of the values of Q*? in the literature, that just those tissues and 
materials (brain, retina, tumour, embryo etc.) which have a high anaerobic 
glycolytic rate, have also: 

(1) a more or less strong preference for glucose as substrate without addition 
of hexokinase; 

(2) a sensitivity of this glucolysis to glyceraldehyde; 

(3) a marked inefficiency of phosphorylating breakdown. 

Finally, we would venture the suggestion that the meaning of the double 
path of carbohydrate catabolism may lie in a relationship with continuity and 
discontinuity of function. If we examine the distribution of the two paths in 
different kinds of muscles, we find that in skeletal muscle phosphorylation pre- 
dominates, in cardiac muscle phosphorylation is known to be weaker and 
glucolysis stronger, while in unstriated muscle glucolysis predominates. This 
suggests that phosphorylation is associated with discontinuous function, where 
sudden large calls upon energy stores (phosphoric esters) have to be satisfied ; 
non-phosphorylating glucolysis with functions more continuous (cardiac activity, 
brain function etc.) depending sharply on the glucose level in the blood, well 
enough balanced even in invertebrates. Glucolysis in muscle might thus explain 
continuous functions hitherto enigmatic: the tonic contraction of molluscan 
muscle, catatonic rigidity in human schizophrenia, hypnosis etc. In spite of 
the breaks in growth curves to which attention has been drawn by Brody [1927] 
and others, embryonic development must in the long run be regarded as a 
continuous process. 


VII. EXPERIMENTS ON THE NATURE OF 
NON-PHOSPHORYLATING GLUCOLYSIS 


INTRODUCTION 


In view of the evidence given in the former papers of this series, especially 
the last, we shall consider henceforward that glucolysis without phosphorylation 
has been demonstrated in the chick embryo, and experiments designed to 
elucidate the mechanism of this process will be described. We shall consider 
first the results of dialysis experiments, and then the status of dihydroxyacetone, 
methylglyoxal and other substances as possible intermediates. 
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GLUTATHIONE AND GLUCOLYSIS AFTER DIALYSIS 


A considerable number of dialysis experiments were carried out, using 
collodion tubing previously treated for half an hour with N/10 HCl to get 
rid of traces of copper. In the course of these experiments, it was found, 
as has already been described (p. 1229), that neither adenylpyrophosphate 
nor cozymase would restore the lost activity. Reduced glutathione, on the 
other hand, produced a recovery which varied according to the conditions 
from the limits of detectability to some 80%. But what was remarkable about 
this recovery effect with glutathione was that it often took place in brei (pro- 
vided that a sufficient quantity of glutathione was added) which still contained 
enough glutathione to allow of maximum glyoxalase activity. Conversely, in 
some cases dialysis had removed all the glutathione present, for glyoxalase 
activity was minimum and could be restored proportionally by increasing 
additions of glutathione, yet similar additions did not succeed in recovering 
the glucolytic power of the brei. Both these situations are difficult to interpret, 
but they point in one direction, namely, that the as yet unknown factors 
governing glucolysis are different from those governing glyoxalase activity, the 
glucolytic system being more vulnerable to damage by strong dialysis than the 
glyoxalase. 

To illustrate this, a few examples may be given, taking the latter situation 
first. In Exp. 189 9-day embryos were made into a brei under ice-cold conditions 
as described in other experiments and dialysed against tap water for 15 hr. at 0°. 
Lactic acid productions, manometrically measured, were then as follows: 


pl. for 1-9 ml. brei 1 hr. 


g== eee, 
No With 5 mg. With 7-2 mg. 
addition glucose methylglyoxal 
Brei 69 76 129 
Brei + 0-5 mg. GSH — 77 532 
Brei + 1-0 mg. GSH — 64 — 
Brei + 2-5 mg. GSH — 58 620 


In this experiment, therefore, the methylglyoxalase was practically in- 
activated by the dialysis, and successive amounts of glutathione restored it with 
some regularity (see Fig. 6), but the same amounts had no effect on the gluco- 
lysis. The converse of this is seen in two experiments where the dialysis was 
short. Here, the glucolysis had been more severely inactivated than the gly- 
oxalase activity and was restored by glutathione, while the glyoxalase was not. 


Exps. 196 and 197. Brei of 8-day embryos made as usual, and part of it maintained undialysed 


at 0° for 4 hr. while the rest was dialysed against tap water for the same period. In Exp. 197 the 


tap water was changed after 14 hr. and the total dialysis went on only for 3 hr. 


ul. for 2 ml. brei, 14 hr. 





— ree 
With 5 mg. With 7-2 mg. 


Exp. 196: No addition glucose methylglyoxal 
Undialysed brei 105 354 150 
Dialysed brei 66 70 111 
Dialysed brei+ 1 mg. GSH — 126 116 

Exp. 197: 

Undialysed brei 149 637 322 
Dialysed brei 92 390 242 


Dialysed brei +1 mg. GSH — 507 251 
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Thus in both cases glyoxalase activity was not greatly reduced by the short 
dialysis and was correspondingly not restored by addition of glutathione, but 
the glucolytic activity was considerably reduced and also considerably restored 
(even to about 80% of normal). 


30 
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Fig. 6. Reactivation of methylglyoxalase of embryo by glutathione after dialysis of brei. 


So far the experiments suggested, since glucolysis and glyoxalase activity 
showed an independence of each other in their reactions to dialysis and gluta- 
thione addition, that glyoxalase and methylglyoxal were not involved in the 
main route of non-phosphorylating glycolysis. It appeared likely, however, that 
glutathione is connected with glucolysis itself quite apart from glyoxalase. That 
glutathione is the coenzyme of glyoxalase is, of course, well known from the 
work of Lohmann [1932], GirSavicius [1933] and GirSavitius & Heyfetz [1936]. 

If after short dialysis, then, there is sufficient glutathione left for glyoxalase 
but not for glucolysis, it might be thought that in Exp. 189 (see above) the 
glucolytic enzyme systems had been injured by the removal of ions, and that 
therefore if dialysis was conducted against physiological saline or Ringer 
solution, and a sufficiently large amount of glutathione added at the end of a 
prolonged dialysis period, both the systems might be brought back to activity 


Exp. 206. Ice-cold brei of 64-day embryos dialysed against 0-9% KCl for 19 hr. at 0°, the 


saline changed at the end of 2 hr. (20 ml. brei against 3 1.). 
pl. from 2 ml. 


brei in 2 hr. 


Brei alone 46 
Brei + 9-0 mg. GSH 60 
Brei + glucose 411 
Brei + glucose + 0-9 mg. GSH 443 
Brei + glucose + 3-6 mg. GSH 493 
Brei + glucose + 9-0 mg. GSH 651 
Brei + glucose + 7-2 mg. GSH +2-5 mg. glyceraldehyde 143 
Brei+7 mg. methylglyoxal 128 
Brei+7 mg. methylglyoxal + 0-9 mg. GSH 243 





t 
' 
' 
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again. This could not always be done, but we may give one of the experiments 
as somewhat instructive; Exp. 206. 

It is to be noted that the addition of glyceraldehyde causes a fall of 
508 yl. and thus abolishes not only the 365 yl. of glucolysis present before the 
addition of glutathione, but also the 240 yl. by which the glutathione had 
increased the original value. We take this to be evidence that the increases 
caused by glutathione, wherever they are observed, are really due to the for- 





mation of lactic acid from glucose and not to any other process. 


In view of the variability of the present results, we append a table (Table IV) 
showing the whole series. From this it is to be concluded that whether the 


Table IV. Dialysis of embryo brei and restoration of glucolysis 
by glutathione 





























Bey. 10. «- eas 196 197 189 192 194 198 204 206 209 212 214 215 
Hours dialysis cae 4 3 15 16 13 14 20 19 40 40 64 23 
Undialysed control: 
Brei alone 105 149 144 — 
Brei+G 354 6387 — 515 29 — _- -— — — 16 — 
Brei + MG 150 322 — 305 
Dialysed: 
Brei alone 66 92 69 — — 33 54 46 105 44 0 3 
Brei+G 70 390 76 36 34 88 67 411 650 387 — 61 
Brei+G+0-5 GSH -- — 77 - 
Brei+G +0-9 GSH — — _- — — 98 83 4438 745 — — 76 
Brei+G+1-0 GSH 126 507 64 30 44 
Brei+G+2-5 GSH _ _- 58 
Brei+G+3-6 GSH 98 493 743 505 0 — 
Brei +G + 5-4 GSH — - -—- —- — 141 
Brei+G+9-0 GSH 102 651 786 582 — 63 
Brei+G+7-2 GSH +2-5 GY 143 bl-—- —- — 
Brei + MG lll 242 129 97 — 125 56 128 144 #%4177 #334 «#13 
Brei+MG + 1-3 GSH 1146 251 454 — — 113 411 243 216 196 235 40 
Percentage increase from brei 
alone to brei with largest GSH 
addition +80 +30 — — +23 +38 +52 +59 +21 +34 — — 
; 215 0-45%, 


Note. Dialysis media used—tap water for all experiments save 206 where 0-9% KCl was used 
KCl; and 209, 212, 214 Ringer solution. 


Abbreviations. All figures in the above table are in yl. and are comparable vertically, not horizontally, 
since the experimental periods were different. G, 5 mg. glucose; MG, 7 mg. methylglyoxal; GY, glyceraldehyde; 
GSH, reduced glutathione; values for these last given in mg. in each case. Volume of cup contents always 2-6 ml. 


| 


glyoxalase is slightly, partly or fully reactivatable, there may be increases of 
from nil to 80%, with an average of 45%, in the glucolysis when the largest 
amounts of glutathione are added. 

That glutathione may play an important part in glucolysis has for some time 
past been suspected. Its action as the coenzyme of glyoxalase led Geiger [1935] 
to try if it would restore glucolytic activity which had been destroyed by 
dialysis. On tissue extracts prepared with 0-5 °% KCl and dialysed for 8-12 hr. 
at 0° against the same concentration of KCl, his results were closely similar to 
those now reported for the chick embryo, save that usually they were of a 
higher order of magnitude. Glutathione increased lactic acid formation of 
mammalian muscle extract from glucose up to twenty times, and large increases 
of this kind were also found with extracts of brain, liver, heart muscle and 
uterus. On the other hand, adenylpyrophosphate produced no increases at all 
when glucose was the substrate (cf. our results described earlier in this paper) 
but did so—as would be expected—when glycogen was the substrate. We 











1242 J. NEEDHAM AND H. LEHMANN 


attribute the relatively low figures here reported to our dialysis of brei instead of 
extract, an unsatisfactory procedure, but one to which we were forced to resort 
owing to the complete failure up to the present time of all attempts to obtain 
active glucolysis in embryo extract. We have already mentioned that a similar 
attachment of the glucolytic enzyme system to the cell structure has been 
observed by some workers on tumour also [e.g. Tsuzuki, 1936]. Moreover, 
owing to the sensitive nature of our glucolytic system, we could not use severe 
dialysis conditions. But that our dialyses were not unsuccessful is shown by 
all those cases where the glyoxalase was inactivated and reactivated. 

It is of interest, too, that Geiger found the concentration of reduced gluta- 
thione necessary for full activation of the glucolysis of brain brei to be 
25 mg./100 ml.; this was about equivalent to the lowest concentration used by 
us. Our experiments do not as yet permit of any conclusion as to whether the 
concentration of glutathione required for full activation of glucolysis in the chick 
embryo is the same as that required for full activation of glyoxalase in the 
embryo. In connexion with the amounts of glutathione (10-*M —10-2M) needed 
for reactivation, it may be added that the glutathione concentration of embryo 
tissues is known to be very high, declining with age [Bierich & Rosenbohm, 
1935; and many other workers]. The experiments described in this section 
indicate, in agreement with those of Geiger, that glutathione is in some way 
concerned with glucolysis, though not with glycogen glycolysis. They certainly 
do not prove that methylglyoxal is not an intermediate in glucolysis, though 
they point in that direction. 

It would perhaps be plausible to suppose that the action of the glutathione 
is due rather to an indirect effect on the oxidation-reduction potential level of 
the brei than to any more definite coenzyme function. But experiments with 
other substances (Exp. 222, cysteine ; Exp. 235, crystalline vitamin B,; Exp. 235a, 
ascorbic acid) did not support this possibility, for no positive action could be 
obtained with them. Nor was any restoration effected by the addition of 


pyruvate or glycerate. 


METHYLGLYOXAL AS AN INTERMEDIATE IN GLUCOLYSIS 


If methylglyoxal were really an intermediate product in the non-phosphory- 
lating glucolytic process, it would be reasonable to suppose that the breakdowns 
of the two substances might interfere with each other. Tests of aldehydes other 
than glyceraldehyde for possible inhibitory action on glucolysis [Needham & 
Nowinski, 1937, p. 1180] prompted the enquiry whether methylglyoxal too would 
inhibit glucolysis, either by competing for an aldehydophil linkage on a part 
of the enzyme system, or, if it were really an intermediate, by blocking the 
later stages of the glucolytic path. If the former possibility were true, glucolysis 
would be self-inhibitory, supposing that methylglyoxal were ever produced in con- 
siderable amount. Were either possibility the actual fact, simultaneous addition 
of glucose and methylglyoxal to active tissue would be expected to lead to a 
relative delay in the breakdown of the glucose, and this would manifest itself as 
an initial incompleteness of the summation of the lactic acid formations. 

The results of the following experiments show that if glucose and methyl- 
glyoxal are suddenly given together to an active embryo brei, the subsequent 
summation which occurs is almost perfect. Methylglyoxal (synthetic) is there- 
fore neither an inhibitor of, nor an intermediate in, the glucolysis of the embryo. 


Exp. 220. 64-day embryos made into brei under ice-cold conditions; each ml. of the brei 
corresponded to 2 embryos. To 2 ml. of brei were added 2 mg. of glucose and 2 mg. methylglyoxal. 
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In separate cups the glucose and methylglyoxal were given alone, and autoglycolysis was followed. 
After successive intervals of time, one manometer after another was removed from the bath, 
trichloroacetic acid added, and the mixture held at 0° for estimations of glucose (Hagedorn- 
Jensen) and methylglyoxal (Ariyama). Substrates tipped after 40 min. autoglycolysis. 


Manometric data Salctente 
utilization 
min. pl. % of possible 

Brei alone 140 89 — 
Brei + glucose 140 467 98 
Brei + methylglyoxal 140 373 78 
Brei + glucose + methylglyoxal 10 135 14 
20 249 26 
30 384 40 
50 516 54 
90 27 65 
140 686 72 


Summations 


Percentages of possible sum in different manometers 


Av. 
First 10 min. 120 90 111 102 89 125 106 
First 20 min. = — 90 94 92 96 93 
First 30 min. — — 90 96 97 94 94 
Whole period -- ~- -- — — 90 90 
Estimations of glucose and methylglyoxal 
Methylglyoxal Glucose 
Min. mg. per cup mg. per cup 
0 2-0 3-05 
10 0-68 2-56 
20 0-31 2-26 
30 0-29 1-92 
50 0-20 1-50 
90 0-25 1-06 
140 0-20 1-07 
Velocities 
Time in min. Methylglyoxal Glucose Cale. sum Obs. sum 
7 685 231 916 1020 
19 663 395 1058 1112 
29 126 390 516 474 
39 — 366 — 324 
49 -- 336 — 333 
69 102 399 501 345 
119 42 49 91 67 


From the above figures the conclusion follows that glucose breakdown 
proceeds practically unhindered in the presence of equal amounts of methy]l- 
glyoxal. This is made still more convincing by the curves of disappearance of the 
two substrates, shown in Fig. 7, and by the velocity curves, shown in Fig. 8. It 
will be seen that, although the glucose reaches its final value (not zero, on account 
of other reducing substances in the embryo) some 60 min. later than does the 
methylglyoxal, nevertheless there is no period of waiting observable, during which 
the methylglyoxal would be holding up the glucolysis. The velocity curves 
(Fig. 8), calculated in yl. per hour at each stage, show another phenomenon also, 
namely, the induction period of glucolysis, already discussed (p. 1194). 

The above argument depends on one important assumption, namely, that 
the glyoxalase was completely saturated with its substrate. If this were not so, 


extra amounts of methylglyoxal derived from the breakdown of glucose could 
78 
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be handled without leading to any hold-up of the general process. A test, 
however, demonstrated that this assumption was entirely justified; Exp. 221. 
3-0 
Glucose 
sp 2-0 } 
= 
1-0 | 
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Methylglyoxal | 
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Fig. 7. Curves of simultaneous disappearance of the two substrates, glucose and methylglyoxal, 


during a competition experiment; explanation in text. 


Fig. 8. Velocity curves of simultaneous disappearance of the two substrates, glucose and methy]- 
glyoxal, during a competition experiment; explanation in text. The induction period of 
glucolysis is seen in both experiments. x glucose, e methylglyoxal, o total. A. Exp. 220. 


Exp. 221. 84-day embryo brei prepared exactly as in the experiment last described. To 2 ml. 
were added, by tipping, in some cases 2 mg. (as in the previous experiment), in other cases 4 mg. 


methylglyoxal. Methylglyoxal 
De 
2 mg. 4 mg. 

First 10 min. 150 150 

Next 25 min. 99 318 

Next 30 min. 38 31 

Next 30 min. 29 23 


Large amount of methylglyoxal. B. Exp. 219. Small amount of methylglyoxal. 
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The initial velocities were therefore identical and the acid formations linear 
for the first 25 min., falling off afterwards. The enzyme was therefore fully 
saturated. 

The main experiment was repeated, varying the proportions of glucose and 
methylglyoxal. 


Exp. 219. 64-day embryo brei prepared and treated exactly as in Exp. 220 except that 0-07 mg. 
of methylglyoxal wa added to the appropriate curs instead of 2 mg. Substrates tipped after 


30 min. autoglycolysis. 
Manometric data 


Substrate 
utilization 
min. pl. % of possible 
Brei alone 187 103 — 
Brei+ glucose 187 461 97 
Brei + methylglyoxal 187 204 100 
Brei + glucose + methylglyoxal 15 122 19 
30 252 39 
60 396 61 
120 501 77 
187 594 91 
Summations 
Percentages of 
min. possible sum 
15 82 
30 100 
60 101 
120 96 
187 107 
Av. 99 
Velocities 
Time in min. Methylglyoxal Glucose Cale. sum Obs. sum 
5 504 312 816 750 
15 162 396 558 155 
30 84 396 480 417 
42 90 255 345 400 
59 53 261 314 283 
119 42 118 160 160 
187 35 24 59 40 


The velocities here shown are graphically represented in Fig. 8. 


GLUCONIC ACID AND 3-CARBON COMPOUNDS OTHER THAN METHYLGLYOXAL 
AS INTERMEDIATES IN GLUCOLYSIS 


Loebel [1925] and later Dickens & Simer [1929] found that tissues were able 
to bring about the conversion of dihydroxyacetone into lactic acid. The latter 
authors also made the interesting observation that the transformation proceeded 
with undiminished speed even when the whole of the sodium chloride in the 
Ringer solution was replaced by sodium fluoride. In view of the fact that dihy- 
droxyacetonephosphate is now regarded as an important intermediate compound 
in phosphorylating glycolysis [Meyerhof & Lohmann, 1934], we thought it 
desirable to make some experiments with dihydroxyacetone on the embryo. We 
did not indeed believe that dihydroxyacetone would prove to be an intermediate 
because it is difficult to see how a ketotriose could arise from glucose. Moreover, 
the fermentation of dihydroxyacetone and its phosphorylation by a yeast 
(S. Ludwigii) was found by Lehmann [1935, 1] to involve primary polymerization 
followed by hexosediphosphate formation. 


78—2 
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We first found (Exp. 152) that the embryo was incapable of producing any 
appreciable amount of manometrically measurable lactic acid from dihydroxy- 
acetone, whether in the presence or absence of inorganic phosphate, added as 
in the trials with glucose and glucosamine mentioned on p. 1228. About 10 pl. 
more than the autoglycolysis, in lieu of about 205 for glucose, could be attributed 
to traces of methylglyoxal present in the dihydroxyacetone. This quite negative 
result leads us to question the freedom from methylglyoxal of the dihydroxy- 
acetone samples employed by the earlier workers. 

To get an orientation on the metabolic properties of dihydroxyacetone, we 
made an experiment in which possible competition with, or inhibition of, glucose 
breakdown was tested, together with any effect of the combination of dibydroxy- 
acetone with glyceraldehyde. 


Exp. 205. 7-day embryo brei made under ice-cold conditions, buffered with bicarbonate as 
usual, To 1-8 ml. of the brei were added in various combinations 7-5 mg. glucose; 2-5 mg. glycer- 
aldehyde; 7 mg. dihydroxyacetone. 


pl. in 3 hr. 
Brei alone 289 
Brei + glyceraldehyde 278 
Brei + glucose 1158 
Brei + glucose + glyceraldehyde 265 
Brei + methylglyoxal 740 
Brei + methylglyoxal + glyceraldehyde 660 
Brei + dihydroxyacetone 321 
Brei + dihydroxyacetone + glyceraldehyde 307 
Brei + glucose + dihydroxyacetone 1209 
Brei + methylglyoxal + dihydroxyacetone 589 


This shows, then, (1) that glucose breakdown is not inhibited by dihydroxy- 
acetone, (2) that dihydroxyacetone is not itself converted into lactic acid 
(allowance being made for small traces of methylglyoxal in the sample), (3) that 
dihydroxyacetone and glyceraldehyde together do not form significant amounts 
of lactic acid, (4) that glyoxalase is inhibited only very slightly by either glycer- 
aldehyde or dihydroxyacetone. 

It is not likely, therefore, that glucolysis proceeds according to a scheme 
similar to that generally accepted for phosphorylating glycolysis [see Meyerhof, 
1936, 2; Parnas, 1936; Needham, D. M. 1937], only without the phosphate groups. 
Nor can the embryo convert dihydroxyacetone into methylglyoxal, for, if it did, 
a marked Jactic acid production would result. 

Following an obvious suggestion from the phosphorylation schemes, we 
tested the combined effect of dihydroxyacetone and pyruvic acid. 


Exp. 208. Ice-cold 6}-day embryo brei buffered as usual and 2 ml. added to either 12-2 mg 
sodium pyruvate or 12-3 mg. dihydroxyacetone, or both, by tipping after 20 min. autoglycolysis. 


pl. in 2 hr. 
Brei alone 96 
Brei + pyruvate 168 
Brei + dihydroxyacetone 196 
Brei + pyruvate + dihydroxyacetone 224 


Had this been the real method of lactic acid formation in glucolysis, we 
could have expected well over 1000 wl. from the quantities added; instead only 
100 were produced. The rise due to pyruvate alone is curious, but we had seen 
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this phenomenon before, in Exps. 144-146, where the following figures had been 


obtained manometrically : Q, (ntact &-dey eeabeyo) 
‘ -day e 


ce 

Autoglycolysis +NaPy Diff. 

Exp. 144 +0-48 +0-70 0-22 
Exp. 145 +0-60 . +0-95 0-35 
Exp. 146 +0-67 +0-80 0-13 


This effect is easily reproducible on brei (cf. Exps. 236 and 246). It resembles 
the pyruvate acceleration of glycolysis seen in several adult tissues and tumours 
by Mendel e¢ al. [1931] and by Rosenthal [1932]. It must, of course, always be 
remembered that pyruvate solutions, if not absolutely fresh, may contain 
methylglyoxal. 

In order to follow further the metabolism of these possible intermediate 
substances, an experiment was carried out by the method of Ariyama [1928] 
which estimates methylglyoxal colorimetrically and, after hydrolysis to methyl- 
glyoxal, dihydroxyacetone and glyceraldehyde [Meyerhof & Lohmann, 1934]. 
A brei previously subjected to prolonged dialysis was chosen, in order to give 
opportunity for the accumulation of any intermediate products possible. 


Exps. 209 and 210. 7-day embryo brei dialysed against Ringer without bicarbonate for 40 hr. 
at 0°. At the end of that time the glucolytic power and glyoxalase activity were manometrically 
tested; considerable glucolysis remained which could, however, be increased by the addition of 
glutathione, and both fractions abolished by glyceraldehyde. Methylglyoxalase still functional 
but increased by glutathione (refer to Table IV for the figures). Samples of this brei (2 ml.) were 
incubated with various substances at 37° for 1 hr., Ariyama estimations being made before and 
after this period. Ariyama estimations 

after $ hr. hydrolysis 
with N HCl in a 
sealed tube in boiling 


Ariyama water-bath 
estimations (methylglyoxal + 
direct dihydroxyacetone + 
min. (methylglyoxal) glyceraldehyde) 
Brei + glucose, 50 mg. 0 0 0 
60 0 0 
Brei + glucose, 50 mg. + glyceraldehyde, 2-5 0 0 2-18 
60 0 2-32 
Brei + dihydroxyacetone, 24-5 mg. 0 2-54 21-60 
60 0-98 21-48 
Brei+dihydroxyacetone 12 mg.+glycer- 0 2-50 24-32 
aldehyde 12 mg. 60 1-11 22-96 
Brei+dihydroxyacetone 24-5 mg. +gluta- 0 2-52 23-24 
thione 1-8 mg. 60 0 24-76 


From this we conclude (1) that nothing estimable by the Ariyama method 
accumulates during a glucolysis in which about 3 mg. of glucose disappear to 
acid; (2) that during the almost complete inhibition of this by glyceraldehyde, 
the latter remains almost unchanged [cf. Needham & Nowinski, 1937, p. 1178]; 
(3) that dihydroxyacetone and glyceraldehyde remain together unchanged when 
incubated with the brei; (4) that glutathione has no effect upon the added 
dihydroxyacetone; finally (5) that the sample of dihydroxyacetone used by 
us contained some 10% of methylglyoxal, the disappearance of which was 
accelerated by the simultaneous presence of glutathione. In the second line of 
the table, the glyceraldehyde referred to was proved to be glyceraldehy de and 
not dihydroxyacetone by fractional hydrolysis in sealed tubes in N HCl, since 
65% was broken down in 10 min. and nearly 100% in 30 min. in both cases 
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[Meyerhof & Lohmann, 1934]. Glyceraldehyde is therefore not converted into 
dihydroxyacetone by the embryo. 

_ In the preceding paragraph it was said that the dl-glyceraldehyde remained 
almost unchanged during inhibition of glucolysis. Inspection of the figures of 
the last experiment, however, shows that there was a loss of glyceraldehyde of 
approximately 10%. We believe that this small change is real and cannot be 
attributed wholly to an uncertainty of the experimental method. In another 
experiment, where particular care was taken to test the point, a diminution of 
12-5 % of the glyceraldehyde originally present was observed during a period of 
2 hr. glucolysis during which the inhibition amounted to 88 % (Exp. 243). These 
small diminutions were, it was found, considerably increased if substrate was 
absent. Thus in Exp. 241, during an hour’s autoglycolysis, the glyceraldehyde 
fell from 2-6 to 1-4 mg. (a decrease of 46%) and this disappearance was com- 
pletely abolished if 5 mg. pyruvate were present. Such a decrease of glyceralde- 
hyde in the absence of glucose or other substrate would well account for the 
effect noted by Needham & Nowinski [1937, p. 1168] in which the autoglycolysis is 
increased about 14% by glyceraldehyde, and this shows that an acid, probably 
lactic acid, is formed. We shall return to this point in the discussion. 

A number of experiments were made with other possible intermediates. 
In Exp. 221 no lactic acid was formed (manometric) when glycerol and 
glycerol+sodium glycerate were added to fresh embryo brei. In Exp. 245a, 
sodium gluconate formed no new acid (manometric) and no triose (Ariyama). 

It could be supposed that the non-phosphorylating glucolysis followed a 
course parallel with that of the Embden-Meyerhof-Parnas cycles. Thus from 
glucose two molecules of d-glyceraldehyde would be formed and each of these 
would combine with one molecule of pyruvate and one of water to give one 
molecule of lactate and one of glycerate. The glycerate would yield pyruvate 
again and so the process would go on. This scheme, however, can hardly represent 
the facts, for we have found it impossible to obtain lactic acid from a mixture 
of glyceraldehyde and sodium pyruvate or glycerate in the presence of active 
embryo brei. The following is a sample experiment (Exp. 234): 


pl./hr./ml. brei of 
7-day embryos 


Brei alone 175 
Brei + glucose 577 
Brei + glyceraldehyde + pyruvate 179 
Brei + glyceraldehyde + glycerate 166 


Further proof that this scheme cannot account for the facts was afforded by 
experiments in which lactic acid was estimated chemically. Here it appeared 
that neither pyruvate nor glycerate formed lactic acid anaerobically when in- 


cubated with fresh embryo brei. , 
" mg. lactic 


Exp. 250 (2 hr.): acid formed 
Brei alone 1-8 
Brei + glucose 9-5 
Brei + pyruvate 1:8 
Brei + glycerate 1°5 

Exp. 250a (1 hr.): 

Brei alone 1-2 
Brei + glucose 2.9 
Brei + glyceraldehyde a3 

1-4 


Brei + glyceraldehyde + pyruvate 


Here the acid formation from glyceraldehyde was also negligible. 
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Discussion 


It will be seen that in spite of our substantial agreement with Geiger, we are 
not inclined to accept the view that methylglyoxal is an intermediate in non- 
phosphorylating glucolysis. The accumulations of methylglyoxal found by 
Neuberg [lit. in Neuberg & Kobel, 1925], and recently in dog muscle by Aubel & 
Simon [1934], may be due to the non-enzymic conversion of triosephosphate into 
methylglyoxal, as suggested by Meyerhof & Kiessling [1935]. We regard the 
specific finding of Neuberg et al. [1930] of methylglyoxal formation from hexose- 
diphosphate '.y acetone powders of chick embryo as certainly explicable in 
this way, especially as we have demonstrated the activity of aldolase (con- 
verting hexosediphosphate into triosephosphate) in the embryo. 

The following possible intermediates have also been excluded by our experi- 
ments: gluconic acid, glycerol, glyceric acid, pyruvic acid and dihydroxyacetone. 
dl-Glyceraldehyde appears to form small amounts of acid, but in general its 
capacity to do so is very slight. Various combinations of these substances have 
no greater effect than the substances alone, e.g. glyceraldehyde + pyruvate does 
not give lactic acid. 

Nothing, however, in this or the preceding papers of the series, is incom- 
patible with the suggestion that in non-phosphorylating glucolysis glucose give 
first two molecules of d-glyceraldehyde by a movement of one hydrogen atom 
from carbon atom 3 to 4, and that these two molecules then produce two 
molecules of lactic acid by rearrangements of the hydrogen and hydroxyl groups 
at carbon atoms 1, 3, 4 and 6. The considerable intramolecular oxidation- 
reductions involved in this scheme might explain the high demand for gluta- 
thione. The suggestion would follow that the inhibiting action of dl-glyceralde- 
hyde is due to the /-glyceraldehyde and not to both isomerides. The fact that a 
small disappearance of glyceraldehyde seems to occur, especially in the absence 
of glucose, would agree with this hypothesis, which has the further advantage of 
admitting of relatively easy experimental test. 

At first sight the active mannolysis of the embryo would seem to militate 
against this view, for from mannose one molecule of d- and one of I-glyceralde- 
hyde would be formed. However, it is thought that mannose can be converted 
into glucose readily enough by tissues. Neuberg & Mayer [1902] obtained much 
l-glucose in the urine of rabbits after ingestion of ]-mannose, and it has long been 
known that mannose will form glycogen [Cremer, 1892; Rosenfeld, 1900]. 
In vitro, if the solution is slightly alkaline, mannose spontaneously passes into 
glucose. 

SUMMARY 


1. In spite of the use of the most delicate methods available, coenzyme I 
(the cozymase of Harden & v. Euler) could not be demonstrated in the chick 
embryo. On the other hand, coenzyme II (the hexosemonophosphate code- 
hydrogenase of Warburg) was found to be present in all probability throughout 
development and even in traces in the yolk. Phosphorus-transporting co- 
enzyme could be demonstrated in the embryo, but in very small amounts. 

2. When phosphorus transporters such as adenylic acid, adenylpyrophos- 
phate, and cozymase are added to intact embryo or embryo brei given glycogen 
or hexosediphosphate, a certain breakdown of these substrates may occur, but 
it is always small and not always demonstrable. The addition of extra magnesium 
or inorganic phosphate makes no difference. If an effect is seen, it is never of 
long duration; the glycolysis quickly falling again. 
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3. Aldolase (zymohexase), which converts hexosediphosphate into triose- 
phosphate, is present in the chick embryo. 

4. The triosephosphate so formed accumulates, even when intact embryos 
are used. The conclusion is drawn that hexosediphosphate must penetrate the 
cell-walls and be transformed within into triosephosphate. 

5. The failure of the embryo to carry the breakdown of hexosediphosphate 
further than triosephosphate cannot be due simply to lack of sufficient cozymase. 
It must therefore be due to lack or insufficiency of the enzyme system converting 
triosephosphate into phosphoglyceric acid. 

6. Glycerophosphate with either pyruvate, phosphopyruvate or phospho- 
glycerate gives very little more lactic acid than that due to autoglycolysis. 

7. All the enzymes, however, concerned in the breakdown of phosphoglyceric 
acid are present in the embryo; the reversible transformation of phospho- 
glyceric into phosphopyruvic acid, the transport of phosphorus from phospho- 
pyruvic acid to adenylic acid with the formation of adenylpyrophosphate, and 
finally its dephosphorylation with the appearance of phosphagen or inorganic 
phosphate, were demonstrated. The Parnas reaction is certainly present. 

8. The esterification of glycogen could not be demonstrated. 

9. All the enzymes of the phosphorylation route which could be demon- 
strated in embryo at all, could be demonstrated in aqueous extracts. This is in 
strong contrast with the glucolytic system. 

10. The preceding paragraphs must be qualified by the statement that in 
about 10% of our experiments hexosediphosphate was broken down to a con- 
siderable extent. This observation is in agreement with the occasional utilization 
of glycogen and phosphorylated hexoses reported in the first paper of this series, 
and with the weak effects obtained on the addition of phosphorus transporters. 
Glucose was always vigorously fermented whether the phosphorylation system 
was feebly present or not. 

11. All the facts summarized above and in the previous papers of this series 
may be interpreted upon the hypothesis that in the chick embryo there are two 
separate routes of carbohydrate breakdown (i) a non-phosphorylating glucolysis 
mechanism, very active, and closely bound to the cell structure, and (ii) a 
phosphorylating mechanism closely similar to that in muscle, dealing with 
glycogen and hexosediphosphate, but of low activity because deficient in four 
distinct places (a) the enzyme esterifying glycogen, (6) the dismutase forming 
phosphoglycerate and lactate from triosephosphate and pyruvate, (c) lack of 
adenylpyrophosphate, (d) lack of cozymase. It would thus appear that, in early 
embryonic development, the phosphorylation machinery has not yet been fully 
laid down. Hence it is of interest that a not dissimilar state of affairs has been 
described for some tumours. 

12. Under no conditions could any esterification of carbohydrate be observed 
during active glucolysis. 

13. The glucolytic rate is not affected either by the addition of inorganic 
phosphate or by its almost complete removal by calcium or beryllium. 

14. Nor is the glucolytic rate affected by either the addition of adenylpyro- 
phosphate, adenylic acid or cozymase, or their removal by means of dialysis. 

15. The progress of fluoride inhibition according to the concentration of 
fluoride varies with the system studied. At M/200 NaF the conversion of 
phosphoglyceric acid into phosphopyruvie acid is completely suppressed, while 
the glucolysis of the same material at the same time is only 45% suppressed. 
This is regarded as further strong evidence for the existence of two routes of 
breakdown, one phosphorylating, the other not. 


> 
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16. Proof of the existence of the two routes of breakdown may be ob- 
tained by the combined use of hexokinase (the phosphorylase of yeast which 
phosphorylates glucose) and fluoride or dl-glyceraldehyde. If, by a carefully 
chosen fluoride concentration, the phosphorylation route is blocked but not the 
non-phosphorylation route, then the inhibition of glucolysis should be greater in the 
presence of hexokinase than in its absence, since it should shunt the glucose into 
the phosphorylation route, where its breakdown beyond phosphoglyceric acid 
should be blocked. Conversely, glyceraldehyde will block the non-phosphory- 
lation route but not the phosphorylation route, hence in the presence of hexo- 
kinase the inhibition of glucolysis should be less than in its absence, since all the 
glucose should be shunted through the phosphorylation route. Yet in all cases 
fluoride and glyceraldehyde inhibitions are exactly the same whether hexokinase 
is present or not. It is therefore concluded not only that two paths of carbo- 
hydrate breakdown exist, but that glucose breakdown in the living embryo 
goes on wholly without phosphorylation. 

17. Inhibition of glucolysis by dl-glyceraldehyde is partially reversed by the 
presence of hexosediphosphate. The triosephosphate which accumulates at the 
expense of the latter combines with the glyceraldehyde to form hexosemono- 
phosphate. Glyceraldehyde may therefore be used generally as a specific 
inhibitor to distinguish non-phosphorylated glucolysis from that in which hexose- 
diphosphate occurs as intermediate. 

18. Attention is drawn to a correlation which seems to exist between 
(i) relatively high Q**, (ii) more or less pronounced preference for glucose as 
substrate without addition of hexokinase, (iii) sensitivity to inhibition by dl- 
glyceraldehyde, (iv) inefficiency of the phosphorylation path of glucolysis. 

19. By dialysis of embryo brei, glucolysis may be inactivated. It may be 
restored up to 80% by the addition of glutathione (10-°-10-?M), whether 
the methylglyoxalase present has been irreversibly inactivated or not. This 
suggests that methylglyoxal is not an intermediate in glucolysis. 

20. Glutathione cannot be replaced for this purpose by cysteine, ascorbic 
acid, vitamin B, or pyruvic acid. There is no connexion between the inhibition of 
glucolysis by glyceraldehyde and the amount of glutathione present. 

21. If glucose and methylglyoxal, in amounts sufficient to saturate the 
enzymes, are suddenly given together to an active embryo brei, the subsequent 
summation of lactic acid production which occurs is almost perfect. In so far 
as it can be tested by the use of synthetic methylglyoxal, methylglyoxal is not, 
therefore, an intermediate in glucolysis. 

22. Gluconic acid, glycerol, glyceric acid, pyruvic acid and dihydroxyacetone 
appear also not to be intermediates in non-phosphorylating glucolysis. 

23. Optically active glyceraldehyde cannot yet be excluded as an intermediate. 


The thanks of the authors are due to Dr André Lwoff and Dr David Green 
for their very kind co-operation in the tests for coenzymes. The authors wish to 
express their thanks to Dr Dorothy Needham for interest and counsel, to Miss 
Mary Cross for certain glucose estimations, and to Miss Jean Innes, who prepared 
some of the cozymase used in the work. One of us (H. L.) is much indebted to 
Sir F. G. Hopkins for the hospitality of his laboratory and to the British Fund 
for German Jewry for a maintenance grant. 
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Note added 2 May 1937. While this paper was in the press two communications 
appeared recording the activation of glucose breakdown in the absence of 
hexokinase by adenylic acid and cozymase in tumour [Boyland, Boyland & 
Greville, Biochem. J. 1937, 31, 461], and in brain [Adler, Calvet, v. Euler & 
Gunther, Naturwissenschaften, 1937, 25, 282]. Although we ourselves only bring 
forward evidence that the glucose breakdown in embryo cannot go through the 
phosphorylation route, we suggest that the glucose breakdown in brain and 
tumour cannot to any great extent go that way either. The fact that in tumour 
and brain the oxidoreduction (dismutation) between pyruvic acid and triose- 
phosphate is found by these investigators to be unimpaired makes the elucidation 
of glucose breakdown naturally more difficult than in embryo where the general 
defect of phosphorylation facilitates the demonstration of glucolysis proper. The 
fact that glyceraldehyde inhibits glucolysis in brain and tumour clearly shows 
that during glucose breakdown (cf. p. 1236) no hexosediphosphate can occur, 
since otherwise the glyceraldehyde would be removed by the dihydroxyacetone- 
phosphate formed from the former. In connexion with this we would refer to 
control experiments where in muscle extract with hexokinase the phosphory- 
lated glucose breakdown is not inhibited with glyceraldehyde but rather slightly 
increased. 

In Table III of the paper of Boyland, Boyland & Greville 1 ml. extract of 
tumour produced per g. tissue per hr. from 10 mg. glucose, without adenylic 
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acid 5-0 mg. lactic acid, with adenylic acid, 5-8 mg.; from 10 mg. glycogen, 
without adenylic acid, nil, with adenylic acid, 6-0 mg. This seems to us to confirm 
our findings on the embryo that adenylic acid is without influence upon gluco- 
lysis proper. The transient manometric effects of cozymase described in the 
same paper could surely be due to glycogen originally present in the extracts. 
The experiments of the Stockholm investigators suffer from the extreme 
inactivity of their acetone powders of brain extracts. This is even lower than 
their glucose breakdown without hexokinase in muscle extract, although brain 
is a strongly glucolysing tissue. The experimental figures do not yet therefore 
allow of the conclusion that even in brain the glucose breakdown goes through 
phosphorylation. In 2 hr. 3 ml. of their enzyme preparation+1 ml. substrate 
used 0-47 mg. of 15 mg. glucose added, yet the blank without glucose showed 
0-57 mg. lactic acid formation. Nor can we regard their statement that glycer- 
aldehyde has no effect on glucolysis in muscle extract as substantiated. In their 
experiment with muscle extract the effects of cozymase and adenylic acid on 
lactic acid formation in the presence of glucose (2-45 mg. lactic acid; blank 
1-22 mg.; blank + glucose alone 1-38 mg.) might equally well have been obtained 
in the absence of glucose, since the high blank suggests a high content of glycogen 
or phosphoric esters in the enzyme preparation. An influence of glyceraldehyde 
would not therefore be expected. As we have already said (p. 1236), the effect of 
glyceraldehyde on glucolysis can only be shown if phosphorylated formation of 
lactic acid is not going on at the same time, as in this case the high blank sug- 


gests that it is. 
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THE proteolytic enzymes have been widely investigated during recent years. 
Studies on animal and plant proteinases have yielded clear, relatively un- 
contradictory results, but work in the field of bacterial proteinases has not been 
so systematic or so productive of concordant results. A comprehensive review 
of the latter has been presented by Haines [1934]. 

A considerable amount of work has been done on the proteolytic micro- 
organism, Clostridium histolyticum, belonging to the group of spore-forming 
anaerobes. Owing to its extraordinary proteolytic activity, this organism is 
especially useful for enzymic studies. Proteolytic processes furnish the energy 
required for its growth; in all probability the proteins of the culture medium are 
decomposed by enzymes secreted by the organism, the resulting breakdown 
products then serving as energy sources. Because of the exogenous character of 
these processes, it is possible to obtain highly active enzyme preparations. 

Enzyme solutions for use in the present study were obtained by inoculating 
protein culture media with a pure strain of Cl. histolyticum (American Type 
Culture Collection, No. 4972), and after a period of anaerobic incubation, 
filtering through a Berkefeld filter to remove bacteria and tissue debris. Since 
all the known proteinases can be characterized by their pH optima and activa- 
tion behaviour, careful studies of these factors were made. It was found that the 
proteinase of Cl. histolyticum has an optimum at pH 7, which does not agree with 
the findings of earlier workers [Blanc & Pozerski, 1920; Dernby & Blanc, 1921; 
Bessey & King, 1934]. In this respect, it differs from other known proteinases. 
Thus the optimum pH for pepsin is near 2, for cathepsin 4, for pancreatic protein- 
ase 9, and for papain and yeast proteinase about 5. 

With respect to activation behaviour, the proteinase of Cl. histolyticum also 
shows a unique character. It is indifferent towards enterokinase, the activator 
of tryptic proteinase, and can therefore not be classed as a tryptic type of enzyme. 
Sulphydryl compounds, well known as the activators of papain and catheptic 
proteinases, however, strongly activate the proteinase of Cl. histolyticum. Little 
work appears in the literature on the activation of bacterial proteinases. 
Gorbach & Ulm [1935] reported that HCN activates the proteinase of Mam- 
mococcus gorini. This observation, however, is contradicted by the work of 
Gorini e¢ al. [1933]. 

Our investigation on the activation of the proteinase of Clostridium histo- 
lyticum leads to the conclusion that sulphydryl groups possess especial importance, 
since marked activation effects are observed only in their presence. The activation 
produced by sulphydryl groups can be considerably increased by the addition 
to the reaction mixture of heavy metal ions, such as Fe++, Co+*+, Mn*+, Ni** 
and Cu++. The effect of the heavy metal ions seems to be a catalytic one, since a 
very low concentration (2-5 x 10-4 NV) is sufficient to produce the maximum 
effect. (Co++ is an exception.) The metal must be in the ionized form; thus iron 
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in complex combination (e.g. potassium ferrocyanide) had no effect. Activation 
effects with very low concentrations of Fet+ and Mn++ were obtained only in 
experiments which were carried out without buffer, but in which the pH never- 
theless remained constant because of the buffering action of the protein substrate. 
In citrate-phosphate buffer (McIlvaine), which possesses a wide pH range and is 
well suited to such studies, higher Fe++ and Mn++ concentrations were necessary 
to give maximum activation. Nit+ and Cut+, however, give maximum activa- 
tion in very low concentrations, whether buffer is present or not. The maximum 
activation with Co++ was obtained only with higher concentrations and in the 
presence of buffer; in the absence of buffer the effect was considerably lower. 

Since heavy metal ions have a catalytic effect on the oxygen uptake of 
sulphydryl compounds [Michaelis, 1931; Elliott, 1930], the question arose as to 
whether the sulphydry]-heavy metal system was exerting its activating effect by 
oxidizing the enzyme molecule (by activating molecular oxygen), or by reducing 
the enzyme, being itself simultaneously oxidized. To approach this question, 
the activation behaviour was studied under aerobic and anaerobic conditions. 
In pure oxygen, there was no activation by cysteine-Fe++, owing to complete 
oxidation of the sulphydryl group. In air some activation occurred. When the 
experiments were carried out in hydrogen, or in vacuo, however, a much greater 
activation was observed. Therefore, the proteinase of Cl. histolyticum can be 
maximally activated only under anaerobic conditions, a fact which agrees well 
with the anaerobic nature of this micro-organism. 

Although the activation effects are influenced by the aerobic or anaerobic 
conditions of the experiments, the natural or so-called initial activity (i.e. the 
activity without added activator) is not affected by these factors. Hydrogen or 
oxygen, even when activated with palladium, has no marked activating or 
inhibiting effect on the initial activity of the enzyme. 

Investigations on papain, cathepsin [Bersin, 1933; Mothés, 1933; Masch- 
mann & Helmert, 1933] and urease [Sumner & Poland, 1933], have made it 
probable that the active group of these enzymes is a sulphydryl radical. Our 
findings make it appear unlikely that the active group of the proteinase of 
Cl. histolyticum is the sulphydryl group. Thus, compounds like iodoacetic acid 
which destroy sulphydryl groups had no effect on the initial activity of this 
proteinase. H,O, in low concentration likewise did not affect the initial activity, 
although higher concentrations produced an irreversible destruction of the 
enzyme. 

These negative observations indicate a difference between the activation 
mechanisms of the papain type and those of the Cl. histolyticum type of proteinase. 
This difference may be partly explained by the further observation that prepara- 
tions of the bacterial proteinase which have been purified show a negative nitro- 
prusside reaction, indicating the absence of sulphydryl groups. A possible 
working hypothesis for the activation of this proteinase is that the combination 
of sulphydryl group and heavy metal ions acts as a catalyst in reducing the as yet 
unknown active group of the enzyme. 

When the added activator is removed from the enzyme by dialysis, the 
activation disappears and only the initial activity remains. Addition of fresh 
activator to the dialysed solution restores the original maximum activity. The 
activation is independent of the purity of the enzyme preparation; purified 
enzyme was activated to the same degree as was the crude enzyme solution. 
Variation in the protein substrate, with which the enzymic activity is determined, 
likewise does not change the activation picture; neither does the constitution of 
the medium in which the bacteria are grown. 
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That the proteinase produced is of extracellular nature, is shown by the fact 
that bacteria-free filtrates contain almost all the proteinase activity shown by 
the original, unfiltered incubation mixture. A similar observation was made by 
Virtanen & Tarnanen [1931] on Pseudomonas liquefaciens. 

A study of the relation between the growth of Clostridium histolyticum and 
the secretion of proteinase shows that the proteinase activity runs parallel with 
the growth, and that the maximum in each case is reached in about 24 hr. This 
maximum is followed by a parallel decrease in the number of living bacteria and 
proteinase activity. The cause of this decrease in proteolytic activity requires 
further study. The ereptic activity, on the other hand, continues to increase 
even after maximum bacterial growth has been reached. It was possible to show 
that the increase in the ereptic activity is not due to autolysis of the bacteria. It 
seems rather that after a certain incubation period, when the lower protein 
molecules have been decomposed, the remaining bacteria adapt themselves by 
producing erepsin, which is capable of decomposing the lower molecular weight 
protein breakdown products. 

EXPERIMENTAL 
Preparation of Clostridium histolyticum proteinase 

For the preparation of highly active enzyme solutions, Cl. histolyticum 
No. 4972, obtained from the American Type Culture Collection,! was inoculated 
into horse meat broth medium (National Drug Company), and incubated in a 
MeIntosh-Fildes anaerobic jar at 37° in an atmosphere of hydrogen. The 
medium was boiled before inoculation to remove traces of dissolved oxygen. 
Unless otherwise specified, the period of incubation was 3 days. The culture was 
then filtered through a Berkefeld filter and the bacteria-free filtrate used 
directly for the enzyme studies. Unless otherwise specified, the proteolytic 
activity was measured by determining the increase in free amino-groups pro- 
duced in a standard protein substrate (gelatin) by the Van Slyke method. The 
increase in amino-groups is, in general, expressed in terms of ml. 0-1 N KOH 
equivalent to the amino-groups liberated. 


pH optimum 

Since, as is shown later, citrate-phosphate buffer [McIlvaine, 1921] has no 
inhibiting effect on the enzymic activity, it was used in establishing the pH 
optimum. Measurements were made at various pH values, using 1 ml. of enzyme 
solution, 5 ml. of buffer, 3 ml. of 6-6 % gelatin solution (0-2 g. gelatin) previously 
brought to the proper pH and 2 ml. of water. Toluene, which has no effect on 
the enzymic activity, was used as antiseptic, and for each determination a 
blank run was made. The incubation period was 18 hr. at 37°. A different enzyme 
preparation was used in preparing similar reaction mixtures in which a portion 
of the water was replaced by cysteine solution (10 mg. of cysteine-HCl brought 
to the proper pH), or by FeSO, solution (0-6 ml. of 0-1 NV), or by both. At the 
end of the incubation period the —-NH, increase was determined in the Van 
Slyke apparatus, the results being expressed in Table I in terms of ml. of 0-1 NV 
KOH. As will be seen, the optimum is at pH 7, both in the presence and absence 
of added activators. Fe++ alone had an inhibitory effect; cysteine alone activated 


1 Hoogerheide [1937] recently found that Cl. histolyticum may dissociate into a sugar- 
fermenting variant, closely resembling Cl. sporogenes. The results reported in this paper were 
obtained with a strain in a dissociated stage. A number of experiments carried out with another, 
non-sugar-fermenting strain indicated, however, that no essential difference exists with respect 


to the activation mechanisms in the two cases. 


79—2 
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moderately strongly; the cysteine-Fe++ combination produced the highest 
activity. The latter is the so-called ‘‘full activity” of the enzyme. 
Table I. pH optimum of Cl. histolyticum proteinase 


(pH) ... 40 5-0 6-0 6-6 7-0 7-6 8-0 
Activity (ml. 0-1 VN KOH) 





Activator = Z ih a ae 
None (initial) 0-0 0-57 2-08 2-25 2-36 2-20 2-07 
Cysteine 0-0 1-06 2-75 = 2-87 = 2-48 
ent 0-0 0-09 1-76 — 2-08 — 1-40 
Cysteine-Fet++ (full) 0-09 0-89 2-79 3-30 3-87 3-40 3-08 


Effect of enterokinase 


Enterokinase solution was prepared according to the method of Waldschmidt- 
Leitz [1923]. 1 ml. of enzyme solution was added to 0-5 ml. of enterokinase and 
the mixture incubated at 37° for 30 min. to effect activation. Then 3 ml. of 
neutralized 6-6 °% gelatin solution and water to bring the volume to 10 ml. were 
added. This mixture was incubated for 20 hr. at 37°, after which it was analysed 
for —NH, increase. As shown in Table IT, the enterokinase had no effect on the 
activity of the proteinase. 


Table II. Effect of enterokinase on Cl. histolyticum proteinase activity 


Enzymic activity (ml. 0-1 NV KOH) 





Enzyme c ‘ 
solution Without kinase With kinase 
I 0-70 0-68 
II 1-28 1-20 


Effect of sulphydryl compounds 


In order to determine the effect of sulphydryl concentration on the enzymic 
activity, varying amounts of cysteine-HCl were dissolved in small portions of 
water and brought to pH 7 with NaOH. To each of these were added 1 ml. of 
enzyme solution, 5 ml. of citrate-phosphate buffer (pH 7), 3 ml. of neutralized 
6-6 % gelatin and sufficient water to make a total volume of 11 ml. The mixtures 
were incubated for 20 hr. at 37° in an atmosphere of hydrogen to avoid oxidation 
of the —SH group. As shown in Table III, maximum activation occurs over a 
rather wide range of concentration, 10 mg. of cysteine-HCl being sufficient. 


Table III. Effect of cysteine concentration on Cl. histolyticum proteinase 


Cysteine-HCl (mg.) 1-0 2-0 4-0 8-0 15-0 
Activity (ml. 0-1 N KOH) 1-82 2-28 2-35 2:39 2:36 


Several other sulphydryl compounds were tested for activating effect in a 
similar manner, using concentrations equivalent to 10 mg. of cysteine-HCl. In 
the cases indicated, 0-6 ml. of 0-1 N FeSO, was also added. HCN activation was 
tested for by substituting 10 mg. of KCN, at pH 7, for the —SH compound; 
H,S activation was carried out by bubbling a slow stream of H,S through the 
enzyme solution for 30 min. before addition of substrate. Four enzyme solutions, 
obtained from separate inoculation mixtures, were used. The results (Table IV) 
are qualitatively the same for all four enzyme preparations. All sulphydryl com- 
pounds tested produced activation, although to varying degrees. The iron 
effects will be discussed later. 
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Table IV. Effect of —SH compounds on Cl. histolyticum proteinase 
Enzymic activities (ml. 0-1 VN KOH) 


a a a 2 ee 
Activator I II It IV 
None 3-28 1-03 0-18 0-29 
Cysteine 3-76 1-38 1-34 0-96 
Fett 2-80 1-56 0-86 _— 
Cysteine-Fe*++ 4:57 2-39 1-97 + 
Glutathione 3-63 - — 1-15 
Glutathione-Fe+*+ 4-01 — — —_— 
Thiosalicyclic acid 3-58 — 1-24 
Thiosalicylic acid-Fe++ 4-16 = 1-65 - 
Thiolacetic acid 3-74 — 0-77 — 
Thiolacetic acid-Fe++ 4-11 = 1-39 — 
Thio-8-naphthol 3-26 — 1-25 — 
Thio-B-naphthol-Fe++ 4-00 — 1-80 —_ 
H,S 1-81 esl ne 0-84 
HCN 3-19 1-18 - 0-72 


In addition to the compounds shown in Table IV, the following produced no 
activation either in the presence or absence of iron: B-thiodiglycol, 1-benzo-4- 
phenylthiosemicarbazide, thiourea, NaHSO,, vitamin C, alloxan. Contrary to 
the observations made on arginase [Weil, 1935; Purr & Weil, 1934], vitamin C 
or alloxan, in combination with iron, was shown to have a slightly inhibitory 
effect on the activity of the proteinase. Unlike the sulphydryl compounds,which 
in the presence of Fe++ always activated the enzyme, H,S and HCN did not 
always give consistent results. The strong activation produced by thio-f- 
naphthol is rather striking in view of the extremely insoluble nature of this 
compound. 


Effect of “activation time” on the activity of Clostridium histolyticum 
proteinase 


In the activation of some enzymes (e.g. trypsin by enterokinase or cathepsin 
by sulphydryl compounds) it is customary to incubate the enzyme with the 
activator for some time, usually 30 min. at 37°, before addition of the substrate. 
The activation is a time reaction and does not reach its full value unless this 
procedure is followed. This so-called “activation time” was found to be 
unnecessary in the case of Cl. histolyticum proteinase. To 1 ml. portions of enzyme 
solution were added 10 mg. of neutralized cysteine-HCl and 0-6 ml. of 0-1 N 
FeSO,. The mixtures were incubated at 37° for 30, 60 and 90 min. respectively. 
Then buffer, substrate and water were added in the usual manner, and incuba- 
tion was continued for 20 hr. in an atmosphere of hydrogen. Table V shows that 
the activation of the proteinase by the sulphydryl-Fe++ complex reaches its 
maximum value immediately, the preliminary activation time being superfluous. 
The initial activity of the enzyme used was equivalent to 1-80 ml. of 0-1 N KOH. 


Table V. Effect of activation time on Cl. histolyticum proteinase activity 
Activation time (min.) 0 30 60 90 
Enzymic activity (ml. 0-1 V KOH) 3-22 3-18 3-16 3-20 


Activation of Clostridium histolyticum proteinase in presence and absence 
of oxygen 


Reaction mixtures were prepared exactly as previously described with 
enzyme, cysteine, Fe++, buffer and gelatin. The mixtures were incubated for 
20 hr. at 37° in air, in Thunberg tubes filled with hydrogen, in Thunberg tubes 
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evacuated with a Cenco Hyvac pump and in flasks into which a slow stream of 
oxygen was bubbled during the experiment. As shown in Table VI, maximum 
activating effect is observed both in hydrogen and in vacuo. The activity is 
slightly inhibited by air and completely by oxygen, apparently because of 
oxidation of the sulphydryl group. 


Table VI. Activation of Cl. histolyticum proteinase in presence and absence 
of oxygen 
Activity (ml. of 0-1 N KOH) after incubation in 





la 7 
Activator Air Oxygen Hydrogen Vacuum 
Cysteine 1-34 0-20 1-55 1-46 
Cysteine-Fe** 1-80 0-22 2-49 2-42 


Reversibility of the enzymic activation 


The inhibition of the cysteine-Fe++ activity caused by oxygen (Table VI) 
is reversible. To 10 ml. of enzyme were added 50 mg. of neutralized cysteine- 
HClin 5 ml., 3 ml. of 0-1 N FeSO, and 50 ml. of buffer (pH 7). The mixture was 
oxygenated for 20 hr. The activity was then measured on 7 ml. portions by 
adding 3 ml. of 6-6 % gelatin and 1 ml. of water (or 1 ml. containing 10 mg. of 
neutralized cysteine-HCl and 0-6 ml. of 0-1 N FeSO,) and incubating for 20 hr. 
at 37° in hydrogen. Table VII shows that oxygenation reduces the activity to 
the initial value, and that addition of fresh activator restores almost completely 
the cysteine-Fe++ activity obtained before the treatment with oxygen. The 
same reversibility was found in an enzyme solution which had been inactivated 
by dialysis. 20 ml. of enzyme solution were activated with 5 ml. of neutralized 
cysteine-HCl (100 mg.) and 5 ml. of 0-1 N FeSO,. The mixture was dialysed 
for 4 hr. against distilled water in a cellophane bag. Initial and cysteine-Fe** 
activities were measured both before and after dialysis on portions equivalent to 
1 ml. of enzyme, by adding gelatin, buffer and fresh activator where indicated, 
and incubating for 20 hr. in the usual manner. As shown in Table VII, dialysis 
reduces the activity almost to the initial value, but addition of fresh activator 
completely restores the original cysteine-Fe++ activity. The dry weight of 1 ml. 
of the original enzyme solution was 22-5 mg. and after dialysis 3-1 mg., indicating 
a considerable purification. Nevertheless the activation behaviour was the same 
in each case. 


Table VII. Reversibility of the Cl. histolyticum proteinase activation 


Activity (ml. 0-1 NV KOH) 





t 


After treatment 


Before treatment ——_— 
Ne After fresh 
Initial Cysteine-Fet++ Remaining cysteine-Fet* 
Treatment activity activity (in H,) activity addition (in H,) 
Oxygenation 0-42 2-18 0-48 2-02 
Dialysis 0-18 1-97 0-24 2-01 


Effects of metallic ions 


Experiments were carried out to determine the effects of various heavy metal 
ions, alone and in combination with cysteine, on the proteinase activity of 
Cl. histolyticum. Since the presence of buffer salts might interfere with the 
action of the metal ions, determinations were made both with and without 
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citrate-phosphate buffer.t The citrate prevents the precipitation of certain of 
the metals as phosphates. The pH of the unbuffered mixtures did not change 
appreciably during the experimental period, the maximum variation being 
0-2 unit. Reaction mixtures were made up as previously described, using 1 ml. 
of enzyme solution, 3 ml. of 6-6% gelatin (pH 7) and 7 ml. of water; where 
indicated, a portion of the water was replaced by one or more of the following: 
5 ml. of citrate-phosphate buffer (pH 7), 10 mg. of neutralized cysteine-HCl in 
1 ml., or 0-025-0-8 ml. of 0-1 N solutions of heavy metal salts. The mixtures 
were incubated for 18 hr. at 37° in hydrogen, the —NH, increase being measured 
by the Van Slyke method. 

Fig. 12 shows the results obtained with FeSO,. When used alone, it inhibits 
strongly in absence of buffer, and slightly when buffer is present. (However, 
occasionally bacterial filtrates have been encountered whose proteinase is slightly 
activated by Fe++.) In combination with cysteine, only traces of Fe++(0-00025 V) 
were necessary to produce maximum activation in the absence of buffer. In the 
presence of buffer (plus cysteine), this concentration must be increased to 
0-006 NV before maximum activation is obtained. (This is equivalent to the 0-6 ml. 
of 0-1 N FeSO, in 10 ml. of buffered reaction mixture customarily used in other 
experiments.) This difference in the presence of buffer is probably due to a 
decrease in the degree of ionization of the iron. In separate experiments it was 
found thatironin non-ionizable form (e.g. potassium ferrocyanide) had no activating 
or inhibiting effect on the proteinase, either in the presence or absence of cysteine. 














— Activityin ml. of 0-1 VN KOH 
— Activityin ml. of 0-1 VN KOH 


L_ + 4 1 L L 
% 01 0-2 03 0-4 055 06 07 08 0-4 0°55 60%6 7 06 
— ml. of 0-1 N FeSO, — ml. of 0-1 N Mn SO, 
Fig. 1 Fig. 2 
Fig. 1. 
o——o Activity with cysteine + Fe** without buffer. 
o----o Activity with cysteine + Fet* with buffer. 
x—x Activity with Fe+* without buffer. 
x---x Activity with Fe++ with buffer. , ; 
Line I, initial activity. Line II, activity with cysteine. 
Fig. 2. 
i o—o Activity with cysteine + Mn** without buffer. 


o----o Activity with cysteine + Mn** with buffer. 

x—x Activity with Mn** without buffer. 

x---x Activity with Mn++ with buffer. 

Line I, initial activity. Line II, activity with cysteine. 


Fig. 2 presents the results obtained with MnSO, and cysteine. As in the case 
of Fe++, Mn++ in combination with cysteine markedly increases the activity 


1 Veronal-HCl buffer inhibits the enzymic activity to some extent. 

2 For purposes of comparison, in Figs. 1-5 the initial activity (no activator present) and the 
activity with cysteine alone are indicated by lines parallel to the abscissa. It was found that the 
presence of buffer had no influence on these activities. 
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above the cysteine value. Here again, to produce maximum activation, a higher 
concentration of metallic ion is required in the presence of buffer than in its 
absence. Even in the absence of cysteine, manganous ions produce activation. 
For purposes of comparison, the initial, cysteine, Fe++ and cysteine-Fe++ 
activities of the enzyme solution used in this experiment were found to be 
equivalent to 1-00, 1-38, 1-53 and 2-57 ml. of 0-1 N KOH, respectively. 

The effects of NiCl, and CuSO,, in presence and absence of cysteine, are 
shown in Figs. 3 and 4. The chief difference between the activations produced 
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Fig. 3. 
o——o Activity with cysteine + Nit* without buffer. 
o----o Activity with cysteine + Ni++ with buffer. 
x—x Activity with Nit* without buffer. 
x---x Activity with Ni*++ with buffer. 
Line I, initial activity. Line II, activity with cysteine. 
Fig. 4. 
° o Activity with cysteine + Cu** without buffer. 
o----o Activity with cysteine + Cut+ with buffer. 
x—»x Activity with Cut* without buffer. 
x---x Activity with Cut++ with buffer. ; 
Line I, initial activity. Line II, activity with cysteine. 
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Fig. 5. 
o——o Activity with cysteine + Co** without buffer. 
o----o Activity with cysteine +Co++ with buffer. 
x—x Activity with Cot* without buffer. 
x--- x Activity with Co++ with buffer. 
Line I, initial activity. Line II, activity with cysteine. 


by Ni*++ and Cut+ and those produced by Fe+* and Mn++ is that the former two 
produce their maximum activation, independently of the presence or absence of 
buffer, in very low concentrations and in the presence of cysteine. Increasing 
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the concentration of the metal ion decreases the activation. Thus with 0-006 N 
Ni++ plus cysteine, the activity is depressed to the initial value; with 0-006 V 
Cut+ plus cysteine, the enzyme is almost completely inhibited. Both Nit++ and 
Cut+, in absence of cysteine, activate slightly in very low concentrations, but as 
this is increased, they exert an increasing inhibiting effect. For purposes of 
comparison, the initial, cysteine, Fe++ and cysteine-Fe++ activities of the 
enzyme solution used in this experiment were found to be equivalent to 1-03, 
1-38, 1-56 and 2-39 ml. of 0-1 N KOH, respectively. 

The results obtained with CoCl, are presented in Fig. 5. Maximum activation 
in the presence of cysteine was obtained only in buffered reaction mixtures, 
using a high Cot+ concentration (0-006 NV). In the absence of buffer, this 
maximum activation was not reached with any cobalt concentration. Cot+ 
also produced activation in the absence of cysteine, the effect increasing as the 
ion concentration was increased. This effect was smaller, however, than that 
obtained in the presence of cysteine. The initial, cysteine, Fe++ and cysteine- 
Fe++ activities of the enzyme solution used in this experiment were 2-00, 2-75, 
2-14 and 3-52 ml. 0-1 N KOH respectively. 


Effect of Oz and Hy» plus palladium, iodoacetic acid or hydrogen peroxide 


10 mg. of palladium black were added to 4 ml. of enzyme solution. Hydrogen 
was passed through the mixture for 2 hr. at 37°. 1 ml. was then removed, without 
disturbing the palladium on the bottom of the reaction vessel, and tested for 
enzymic activity against gelatin by the usual 20 hr. anaerobic procedure (with- 
out addition of other activators). No effect on the initial activity was observed. 

Other reaction mixtures were prepared by adding, to 1 ml. portions of enzyme, 
5 ml. of buffer (pH 7), 3 ml. of 6-6% gelatin, 1 ml. of water and 10 mg. of pal- 
ladium black. The mixtures were incubated for 20 hr. at 37° during which time 
they were continuously treated with O, and H,. Control experiments were run 
in the absence of palladium. A similar reaction mixture was incubated in vacuo. 
At the end of the experiment the —-NH, increases which had occurred were 
measured as before. In agreement with previous results, the oxygen treatment 
had no effect on the enzymic activity, and the presence of palladium did not alter 
the result. The hydrogen treatment (absence of palladium) also had no effect; 
with hydrogen plus palladium a slight activation occurred. This may have been 
due to the metal catalyst alone, since a similar slight activation was obtained in 
the mixture incubated im vacuo with palladium. 

Iodoacetic acid was tested by adding 10 and 20 mg. portions of the neutralized 
acid to mixtures containing 1 ml. of enzyme and the usual amounts of buffer and 
gelatin. Surprisingly, after 20 hr. anaerobic incubation, the —-NH, increase was 
practically identical with that found in controls without iodoacetate. This sub- 
stance very rapidly inactivates certain proteolytic enzymes such as cathepsin 
and papain, presumably by reacting with the active sulphydryl group of the 
enzyme molecule. The negative result obtained with the above bacterial 
proteinase indicates that its active group is not sulphydry]. 

5 ml. samples of enzyme solution were mixed with 0-1, 0-5 and 1-0 ml. of 
30% H,O,, respectively. After 2 hr. incubation at 37°, the H,O, was removed 
by dialysing for 1 hr. The initial (without activator) and full (cysteine-Fe**) 
activities were then measured against gelatin on 1 ml. portions by the usual 
method. The lowest concentration of H,O, had only a slight inhibiting effect on 
the activities. The two higher concentrations, however, had marked effects on 
both the initial and the full activities, the inhibition increasing with increasing 
H,O, concentration. In other words, an irreversible inactivation occurs. 
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Table VIII. Effects of Os and Hz plus palladium, iodoacetic acid or H202 


Activity 
Treatment (ml. 0-1 N KOH) 

None (control) 3°35 
Cysteine-Fet+ (control) 4-13 
Oxygen (20 hr.) 3°35 
Oxygen + palladium (20 hr.) 3-39 
Hydrogen (20 hr.) 3-24 
Hydrogen + palladium (20 hr.) 3-71 
In vacuo + palladium (20 hr.) 3-78 
Todoacetic acid (10 mg.) 3-26 
Todoacetic acid (20 mg.) 3-20 
Hydrogen peroxide (0-1 ml.): Initial 3-20 

Full 3-62 
Hydrogen peroxide (0-5 ml.): Initial 0-62 

Full 0-68 
Hydrogen peroxide (1-0 ml.): Initial 0-31 

Full 0-14 


Activation in presence of substrates other than gelatin 


In order to determine whether the activation behaviour described for 
Cl. histolyticum proteinase is specific for gelatin, or holds true also for other 
substrates, parallel activity experiments were run using casein, Witte peptone, 
clupein sulphate and egg albumin as substrates. As with gelatin, these were 
made up in 6-6 % solution and brought to pH 7. The conditions of the experiments 
were identical with those of previous similar ones, excepting that in the case of 
egg albumin, which is difficult to hydrolyse, 2 ml. of enzyme were used instead 
of 1 ml., and that the total volume of incubation mixture was 12 ml. As before, 
incubation was carried out at 37° for 20 hr. in a hydrogen atmosphere. It was 
found that the Van Slyke method could not be used to estimate —NH, increase 
in the presence of casein because of precipitation. Therefore the Willstatter- 
Waldschmidt-Leitz alcoholic titration [1921] was used in this case; because of 
the disturbing effect of phosphate ions on this titration, the citrate-phosphate 
buffer had to be replaced by an equal volume of water. The pH did not change 
appreciably under these conditions. As shown in Table IX, the activation 





Table IX. Effect of various substrates on activation of Cl. histolyticum proteinase 
Activities (ml. of 0-1 N KOH) 





Substrate Initial Cysteine Fet+ Cysteine-Fe** 
Gelatin 2-15 2-78 2-34 3-25 
Casein 0-60 1-05 0-55 4-40 
Witte peptone 0-48 0-85 0-86 1-26 
Clupein sulphate 0-38 3-29 0-17 4-36 
Egg albumin 0-27 0-32 0-0 1-01 


behaviour is independent of the type of substrate used. In each case cysteine 
alone activates, Fe++ alone is rather indifferent, whilst the cysteine-Fe++ complex 
activates most strongly. 


Activation of Clostridium histolyticum proteinase obtained from various 
culture media 


Bacterial filtrates were prepared by inoculating sterile 4°% solutions of 
gelatin, casein, egg albumin and “‘Neopeptone” (Difco) at pH7 with C7. 
histolyticum, incubating for 3 days at 37° in a hydrogen atmosphere and filtering 
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through Berkefeld filters. 2 ml. portions were tested for proteinase activity 
against gelatin as previously described, using cysteine and Fet+ as activators. 
As indicated in Table X, the activation behaviour of the proteinase is inde- 
pendent of the nature of the culture medium upon which the micro-organism 
was grown. 


Table X. Activation of Cl. histolyticum proteinase obtained from various 
culture media 


Activities (ml. of 0-1 NV KOH) 


Acme ns a 





Culture medium Initial Cysteine Fet+ Cysteine-Fe*+ 
Gelatin 1-54 1-26 1-45 4-39 
Casein 0-65 1-23 1-02 2-12 
Egg albumin 0-18 0-27 0-20 0-98 
“* Neopeptone”’ 2-06 2-54 2-37 3-46 
Horse meat broth 1-58 2-15 2-72 4-32 


Rate of proteinase and aminopolypeptidase production by Clostridium 
histolyticum 


300 ml. of horse meat broth were inoculated with Cl. histolyticum and 
incubated anaerobically at 37°. The number of bacteria was estimated at 24 hr. 
intervals by the method of Breed & Brew [1916]. Two samples were removed at 
the same time and tested for proteinase and aminopolypeptidase activity, 
(a) directly without filtration, and (6) after filtration through Berkefeld filters 
to remove bacteria. The proteinase activity was measured against gelatin on 
1 ml. portions according to the usual method, using cysteine, FeSO,, or both, as 
activators. Aminopolypeptidase activity was measured by adding to 2 ml. of 
bacterial culture medium or filtrate 0-244 g. of dl-leucyldiglycine, 2 ml. of N 
ammonium chloride-ammonium hydroxide buffer (pH 9-5), and water to make a 
total volume of 10 ml. The pH of the mixture was 7-8; the incubation was 
carried out for 20 hr. at 37°. The liberated amino-groups were measured by the 
alcoholic titration method. Toluene was used as antiseptic during the incubation 
period involved in all enzyme determinations. 

From Fig. 6 it can be seen that practically identical enzymic activities are 
exhibited by the unfiltered and filtered (bacteria-free) samples of the culture 
medium. The proteinase activity reaches a maximum at about 24 hr., after 
which it declines sharply. This behaviour strikingly corresponds with the number 
of bacteria present at corresponding times. (Bacterial counts indicated in 
Fig. 6, in thousands per ml., were as follows: 24 hr., 835; 48 hr., 625; 72 hr., 550; 
96 hr., 200; 120 hr., 200; and 144hr., 175.) Further study will be needed to 
determine whether the rapid decline in proteinase activity is due to its natural 
lability or to destruction by the bacteria themselves. It may be concluded, how- 
ever, that most of the proteinase is secreted into the surrounding medium by the 
living bacteria, rather than liberated during autolysis. A maximum in the 
proteinase activity at 24 hr. was observed also when the activator was cysteine 
alone, or FeSO, alone. 

A different picture is obtained for aminopolypeptidase. As shown in Fig. 6, 
the activity of this enzyme does not reach a maximum at 24 hr., but continues 
to increase slowly for 6 days. It was at first believed that this indicated a libera- 
tion of the enzyme by autolysis. However, the results shown in Table XI do 
not support this view. 200ml. of horse meat broth were inoculated with 
Cl. histolyticum and incubated anaerobically for 24 hr. at 37°. The heavy growth 
of bacteria was centrifuged off, washed twice with saline solution, suspended in 
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17 ml. of water and incubated at 37° under toluene. At intervals, 2 ml. of 
suspension were removed and tested for aminopolypeptidase activity as 
previously described. As indicated, there was no increase in enzymic activity 


— Activity in ml. of 0-1 N KOH 





— Incubation time in days 


Fig. 6. 

o——o Proteinase activity of the bacterial suspension with cysteine + Fe*+ 
x— x Proteinase activity of the bacterial filtrate with cysteine + Fet* 
o----o Proteinase activity of the bacterial suspension without activator. 
<---x Proteinase activity of the bacterial filtrate without activator. 
o----o Aminopolypeptidase activity of the bacterial suspension. 

x --.- x Aminopolypeptidase activity of the bacterial filtrate. 

\—A Relative number of living bacteria ( x 10~5/ml.). 


with increase in time of autolysis. It is likely that this enzyme, too, is secreted 
by the living bacteria. Perhaps after most of the high-molecular proteins have 
been decomposed by the proteinase, the remaining bacteria adapt themselves to 
the changed medium by secreting aminopolypeptidase, which can hydrolyse the 
protein breakdown products. 


Table XI. Aminopolypeptidase activity and autolysis of Cl. histolyticum 


Autolysis time (days) 0 1 3 5 
Enzymic activity (ml. 0-1 NV KOH) 0-15 0-10 0-10 0-10 
SUMMARY. 


1. The proteinase of Clostridium histolyticum, an organism belonging to the 
group of sporulating anaerobes, shows its maximum activity at pH 7, both in the 
presence and absence of added activators. 

2. The proteinase is activated by sulphydryl compounds, but not by the 
tryptic activator, enterokinase. 

3. The activation produced by sulphydryl compounds can be considerably 
increased by Fet++, Mn++, Nit++, Cut+ and Cott. All except Co++ produce 
activation at very low metal ion concentrations. The maximum activation is 
obtained under anaerobic conditions. 

4. The active group in the enzyme is probably not —SH, since iodoacetic 
acid does not inhibit its activity. H,O, in high concentrations inhibits irrever- 
sibly. 
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5. The quantity of proteinase present in a culture medium increases rapidly 
to a maximum during the early stages of bacterial growth (24 hr.), then decreases 
to a low value. The quantity of aminopolypeptidase increases steadily throughout 
the incubation period. These enzymes are probably secreted directly by the 
living bacteria. 


The authors wish to express their appreciation to Dr Ellice McDonald, 
Director, for his interest and support throughout the work. 
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In the first two papers of this series [ Elliott & Schroeder, 1934; Elliott e¢ al. 1935], 
it was shown that, with slices of rabbit and rat kidney cortex, the disappearance 
of added lactic and pyruvic acids, and substances derived from them in the cycle 
of reactions involved in their oxidative breakdown, was more rapid than could 
be accounted for by oxidation. Some non-acid substance was apparently pro- 
duced and it seemed likely that synthesis of carbohydrate took place. The 
previous work showed that kidney slices produced no glycogen from the sub- 
strates studied, but the work reported in this paper shows that definite increases 
in total carbohydrate occur when kidney tissue is incubated aerobically with 
lactate and pyruvate under conditions similar to those of the manometric experi- 
ments. Carbohydrate synthesis also occurs in kidney tissue from succinate, 
fumarate and malate; this is to be expected since the previous work had shown 
that these substances are converted into pyruvate by oxidation. 

Takane [1926] showed that liver slices would synthesize carbohydrate from 
lactate, and Bach & Holmes [1937] showed synthesis from lactate and pyruvate. 
We have confirmed these results, but we find that, with liver, no synthesis occurs 
from succinate, fumarate or malate. This is to be expected since these sub- 
stances are not convertible into pyruvate in liver slices [Elliott et al. 1937]. 

The manometric-analytical results of Elliott et al. [1937] do not lead one to 
expect appreciable carbohydrate synthesis in brain grey matter, testis or 
tumours, and no sign of carbohydrate production has been found in these tissues. 


EXPERIMENTAL 


The experimental conditions were closely the same as in the manometric 
experiments with the Dixon-Keilin apparatus [Elliott & Schroeder, 1934]. The 
tissue slices were prepared, stored until ready in Krebs’s medium through which 
O,/CO, was passing, rinsed in Ringer solution, drained and weighed as usual for 
manometric work. The weighed tissue was dropped into a 50 ml. Erlenmeyer 
flask containing 4 ml. of Krebs’s medium with the neutralized substrate added. 
In a number of cases the tissue was sliced and immediately weighed and dropped 
into V H,SO,, and hydrolysis was started at once. These “‘immediate controls” 
were done in order to observe the effect of the period of waiting in the Krebs’s 
medium on the carbohydrate content of the tissue. The concentration of sub- 
strate was usually the same as in previous manometric work, namely: dl-lactate, 
0-04 M; pyruvate, 0-02 M; succinate, fumarate, malate and acetate, 0-01 M. 
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The flask was partially immersed in a bath at 38°, fixed to the shaking apparatus 
used for manometers and O,/CO, gas mixture passed through the flask (but not 
through the solution) for 5 min. to fill the gas space. The flask was then closed 
with a rubber stopper and shaking continued for 90 min. (usually). At the end of 
the experimental period, 0-4 ml. 3 N HCl was added and shaking continued for a 
few minutes. Several flasks. were set up at the same time with samples of the 
same tissue and with different substrates added. Initial and final controls 
without substrate were also set up; acid was added to the initial control at zero 
time, i.e. immediately after treating with gas, and to the final control at the end 
of the experimental period. For experiments in the presence of glucose, the 
medium contained 0-2 % glucose, and blanks were set up with the same amount 
of medium but no tissue. The amount of carbohydrate found in the blank was 
deducted from the total amount found in the experimental flasks. With tissues 
which use up glucose, the final total amount of carbohydrate in tissue and 
medium was in many cases lower than the amount of glucose in the blank; in 
such cases the carbohydrate content of the tissue is shown in the tables as a 
negative quantity. On a separate sample of the tissue slices, the ratio wet 
weight/dry weight was determined. 

The total carbohydrate in the tissue and medium was determined by Tsai’s 
[1933] adaptation of the method of West e¢ al. [1929] with modifications. The 
determinations for this work had to be made on considerably smaller samples of 
tissue than those used by other workers. The final glucose determination was 
made by the Shaffer & Somogyi [1933] method. The actual procedure was as 
follows: 

To the tissue and fluid in the flask 1-1 ml. 5 N H,SO, were added, the mouth of the flask was 
closed with a sealed-off funnel weighted down with a marble, and the flask was held in a rack in a 
vigorously boiling water bath. After about 15 min., the tissue was broken up with a blunt stirring 
rod, the rod and walls were washed down with a little N H,SO, and heating continued for 3 hr. 
The fluid was then transferred to a 50 ml. volumetric flask, being washed in with water; 1 ml. of 
30% HgSO, was added with shaking and the solution made up to the mark with water. After at 
least 10 min. standing the solution was poured into a dry 250 ml. Erlenmeyer flask and 10 g. 
BaCO, added slowly with shaking; the solution should become neutral to litmus. The mixture was 
centrifuged and the fluid filtered (without washing) into a bottle with a ground glass stopper. To 
the filtrate, 4 drops of saturated Na,SO, solution, 2 drops of 20% NaOH, and 0-2-0-4 g. of alumi- 
nium powder were added, and the mixture was shaken vigorously in a mechanical shaker for 30 min. 
On filtering, the solution should be clear and free from mercury. For the sugar determination, 
5 ml. of the filtrate were mixed with 5 ml. of the Shaffer-Somogyi [1933] copper reagent (No. 50, 
containing 5 g. KI and 200 ml. 0-1 NV KIO, per litre) in a pyrex test-tube (25 x 200 mm.) which was 
closed by a sealed-off funnel weighted down with a marble. The tube was fixed in a rack in a 
vigorously boiling, constant level water-bath, and heated for exactly 15 min. The tube was then 
cooled in a bath of water at room temperature, 2 ml. of freshly prepared oxalate-iodide solution 
[Shaffer & Somogyi, 1933] and 5 ml. of N H,SO, were added and the mixture shaken gently, care 
being taken to make sure that all sedimented material was thoroughly shaken up. The titration 
was carried out in the usual way with 0-005 N thiosulphate. The sugar determination was always 


made on two or more 5 ml. aliquots. 


Apart from the quantitative modifications to suit the small amounts of 
material dealt with in this work, the above procedure differs from the method of 
West et al. and Tsai in two respects. (1) Sulphuric acid was used instead of 
hydrochloric acid for the hydrolysis of the tissue. Since the sulphate is pre- 
cipitated by the BaCO,, the use of H,SO, results in a lower salt concentration in 
the final fluid for sugar determination. According to Shaffer & Somogyi [1933], 
this is an advantage. (2) Aluminium powder was used instead of zine dust for 
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removing mercury. With various samples of zinc dust an unexplained extra 
liberation of iodine occurred so that the final titration of blanks with thiosul- 
phate was several ml. too high. No such effect was found with aluminium and, 
provided the shaking was vigorous, all mercury was satisfactorily removed. 

The method was tested by preparing tissue hydrolysates in the same way as 
in experiments; to one portion of the hydrolysate a known amount of glucose 
(10 mg.) was added, to another equal portion, none was added. The two 
solutions were made up to 50 ml. and the whole procedure was carried out as 
usual. The recovery of added glucose was 95-97%. In blank experiments 
without tissue, none of the various substrates was found to have an effect on the 
determination greater than the experimental error. 

In a number of experiments the copper reagent No. 50 containing 1 g. of KI 
instead of 5 g. [Shaffer & Somogyi, 1933] was used. The results obtained with 
this reagent led to the same conclusions as regards synthesis though the absolute 
values for carbohydrate in kidney usually appeared lower than those given by the 
higher KI reagent. But with this more sensitive reagent it was often very difficult 
to obtain close agreement between duplicate determinations of small amounts of 
glucose. Since the main work of this paper was completed, a paper by Somogyi 
[1937] has appeared in which the difficulty found in using the low KI reagent is 
ascribed to variable re-oxidation of Cut by dissolved oxygen, and he has devised 
a modified sensitive copper reagent to overcome this. In a few experiments 
mercury was removed by H,S treatment and this new method was used; the 
results agree with other results for similar experiments. In these experiments the 
amounts of non-fermentable reducing substance were determined by the method 
of Somogyi [1927]. The amounts were appreciable, but when they were deducted 
from the total reducing substance the results with respect to synthesis of 
carbohydrate were rendered, if anything, more definite. When aluminium powder 
was used instead of H,S, the direct values for the controls were lower and agreed 
better with values for fermentable sugar. 

In order to compare rates of carbohydrate synthesis with the rates of meta- 
bolism of lactate, pyruvate etc., as found by manometric work, the rates of 
carbohydrate synthesis have been calculated in terms of manometric equivalents, 
that is to say, in terms of the number of pl. of gaseous lactic or pyruvic acid (at 
N.T.P.) converted into carbohydrate per hour, per mg. dry weight of tissue. To 
express carbohydrate synthesis in this way the term Q,,, will be used. The figures 
given in the tables were calculated on the assumption that two molecules of lactic 
or pyruvic acid give one molecule of glucose, the following equation being used: 

mg. glucose formed per 100 mg. wet wt. 44800 x wet wt./dry wt. ratio 
ch = 780 x hours . 100 ; 
Meyerhof et al. [1925] suggest that pyruvate may be converted into acetaldehyde 
and carbohydrate produced from three molecules of this by an oxidative reaction. 
In this case, the figures for Q,,, would have to be multiplied by 3/2. The amount 
of carbohydrate synthesized was taken as the difference between the amounts of 
total carbohydrate in the experimental and “end control” flasks. 


Liver 


The results of experiments with rat liver slices are given in Table I. Usually 
240-320 mg. moist weight of slices were taken for each experimental flask. Most 
of the experiments were done with the livers of rats starved for 24 hr. There is 
a considerable fall in carbohydrate in the tissue from the original amount 
(‘immediate control’’) to that found in the initial control, i.e. after the slices 
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had been kept waiting in the Krebs’s medium. This is probably due to several 
factors, such as rapid initial glycolysis [v. Elliott et al. 1937] and washing out of 
glucose either present originally in the tissue or formed by hydrolysis of glycogen. 
Once this initial fall has occurred the carbohydrate content decreases only slowly 
and the agreement between controls is usually fairly good; one pair of controls 
(“‘initial” and “‘end’’) was always set up first, and the other last, in each series of 
experiments, and the time elapsing between starting them was usually about 
45 min. Takane [1926] took trouble to prepare slices with a dry razor and he 
used them immediately. In such experiments it is necessary to assume that, in 
spite of probable variations in the amount of damage done to the tissue in slicing, 


Table I. Liver 
Total carbohydrate (as glucose) mg. per 100 mg. moist weight. 


dl-Lactate Pyruvate 





Wet wt. Im- 0-04 M 0-02 M dl-Lac- Pyru- 
Glu- Initial Time mediate Initial End —'-— “Ss tate vate 
Animal cose dry wt. hr. control control control mg. (Qc) mg. (Qcn) 020M 0-10M 
Starved - 3-73 13 — 0-83 0-80 1-32 (3-2) 1-45 (4-0) —- ~ 
0-57 0-63 1-26 (3-9) 1-04 (2-5) -- - 
Starved - 5-12 23 0-73 0-24 0-22 0-76 (2-8) 0-82 (3-0) : - 
i 0-18 0-18 0-36 (1-8) 0-41 (2:3) a : 
Starved - 4-64 2 0-63 0-20 0-21 0-56 (2-0) 0-79 (3-3) — 
+ 0-07 0-21 0-61 (2-3) 0-56 (2-1) = . 
Starved + 4-45 1} 0-48 0-32 0-31 0-51 (1-8) 0-40 (0-8) ~ 
+ 23 0-20 0-34 0-53 (0-8) 0-73 (1-8) — — 
Starved - 4-37 2 0-83 0-18 0-33 0-87 (3-2) 0-93 (3-5) 0-28 0-56 
0-18 0-33 _ — _ = 
Starved = 4-23 2 0-49 0-21 0-24 0-67 (2-1) 0-92 (3-4) 0-31 0-54 
9-18 0-29 — — — - 
l-Malate Acetate 
0-01 M 0-01 M 
Starved 4-35 2 0-44 0-20 0-27 —- — 0-18 0-19 
0-20 0-21 — — 0-24 0-24 
Starved 3-98 2 — 0-25 0-30 - 0-34 
0-33 _- 0-26 
Suc- Fu- 
cinate marate 
0-01 M 0-01 M 
Starved 4-48 2 — 0-17 0-23 - — 0-31 0-26 
0-19 0-26 - — 0-27 0-22 
Fed . 4:20 1} a 3:87 3:36 4-02 (46) 3-96 (4-2) / 
386 3-41 - = : 
Fed 4-38 2 4-67 3-03 --- 2-71 (1-8) 3-22 (4-6) 
2-67 2:38 3-23 (46) 3-17 (4:3) Z 
Fed - 1} — 6-85 6-36 4-83 4-81 - 
6-64 5-56 515 5-02 


the initial glycolysis is the same for all samples and that the amount of blood or 
other intercellular fluid which may contain glucose, is the same in each sample. 
The method, used in this work, of keeping the slices in salt solution for some time, 
usually 15-45 min., before using them is convenient, and it has the advantage 
that the carbohydrate content has reached a fairly steady value before the start 
of the experimental period. 

In general, there was very little difference between the initial and end con- 
trols; actually a slight increase in carbohydrate was often found in the end 
controls. (Gemmill & Holmes [1935], found definite increases with unwashed 
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slices of fed rat livers.) But with the addition of lactate and pyruvate there was 
always a marked, though variable, increase in total carbohydrate. The amount 
of synthesis increased with time but no regularity was found in the few experi- 
ments tried. Carbohydrate synthesis occurred also in the presence of glucose in 
the medium. 

Though no serious attempt was made to determine the optimum concentra- 
tion of substrate for carbohydrate synthesis, it was found that increasing the 
substrate concentration four or five times markedly inhibited the synthesis; with. 
lactate, synthesis was almost completely suppressed, and with pyruvate, it was 
inhibited about 50%. 

With the livers of well-fed animals the results were not very definite. When 
the initial carbohydrate content is high, the changes in its amount are greater 
and more irregular. However, in two experiments there was definitely more 
carbohydrate found in the presence of lactate and pyruvate than in the final 
controls. In a third experiment, when the initial carbohydrate content of the 
liver was very high indeed, there was actually a greater decrease in carbohydrate, 
during the experimental period, in the presence of the substrates than in their 
absence. 

For proper comparison with the results of manometric experiments which 
were calculated on the basis of the “final” dry weight, the figures given for Q,,, 
for liver should be increased by about 40%, since they were calculated from the 
“initial” dry weight of tissue [see Elliott et al. 1937]. 

With none of the other substrates tried, succinate, fumarate, malate or 
acetate, was any appreciable synthesis of carbohydrate found. 


Kidney cortex 


The results of experiments with kidney cortex are given in Table II. For each 
set of experiments, slices of cortex from 2 or 3 pairs of rat kidneys were prepared 
and 100-130 mg. of slices, sampled equally from each pair of kidneys, were taken 
for each experimental flask. In three ‘immediate’ controls, 0-39, 0-44 and 
0-38 mg. glucose per 100 mg. tissue were found, which is about the same amount 
as was found in the “‘initial” controls, the stronger iodide reagent being used. 
As was expected from the manometric-analytical work of Elliott et al. [1935], a 
considerable synthesis of carbohydrate from lactate and pyruvate was found. 
The synthesis from pyruvate is considerably greater than that from lactate, 
which gives the impression that the synthetic process starts with pyruvate and 
that lactate and other substances have first to be converted into pyruvate. There 
is also definite synthesis from succinate, fumarate and malate, all of which 
substances are convertible into pyruvate by kidney cortex [Elliott et al. 1935]. 
With alanine, also, some synthesis of carbohydrate occurred, and this would 
be expected since pyruvic acid is produced from alanine by oxidative deamina- 
tion in kidney [Krebs, 1933]. There was no appreciable synthesis from 
acetate. 

As with liver, a higher concentration of substrate suppresses synthesis. This 
was evident when four times the usual concentration of lactate, pyruvate, 
succinate or malate was used. Decreasing the concentration of lactate by half 
(i.e. using 0-02 VM dl-lactate) had scarcely any effect. 

Synthesis of carbohydrate is also found in the presence of glucose; a part of 
the apparent synthesis may be simply sparing of glucose by the substrate, but a 
large part is definitely synthesis since the amount of carbohydrate was increased 
beyond the amount found in the initial control. 





= 
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Wet wt. 





Initial 
Glucose 
- 4-35 


- 5-04 


- 4-27 
*_ 4-07 
+ 4-78 


4-32 


The figures for Q,,, in Table II were calculated on the basis of the ‘ 


dry weight of tissue. For proper comparison with the results of manometric 


dry wt. 


Initial 
control 
0-36 
0-39 
0-30 
0-45 
0-45 
0-44 
0-27 
0-25 


0-29 
0-25 
— 0-03? 
+ 0-23 
0-43 


0-22 


0-46 
0-42 


0-22 
0-14 
0-30 
0-33 
0-49 


Using the glucose determination of Somogyi [1937] 


0-53 
(0-11) 
0-78 
(0-07) 


0-13 


Table II. Kidney cortex 


Total carbohydrate (as glucose) mg. per 100 mg. moist weight. 
Experimental period 1} hr. in all cases. 


End 
control 





0-37 
0-47 
—0-01 
0-45 
0-36 
0-46 
0-33 
0-23 


0-30 
0-26 


—O-15 
— 0-44 


0-42 


— 0-22 


0-49 
0-45 


0-25 
0-19 
0-32 
0-36 
0-44 


0-59 
(0-21) 
0-47 
(0-15) 
0-37 
0-30 


dl-Lactate Pyruvate 


0-04 M 0-02 M 

a 
mg. mg. (Qcn) oh) mg. (Qn) 
0-59 (1-6) 1-21 (6-1) 
0-59 (1-6) 1-37 (7-2) 
0-86 (2-8) 1-24 (5-6) 
0-51 (3-8) 1-26 (9-2) 
0-57 (1-8) 1-39 (6-9) 

+0-52 +0-61 


Succinate l-Malate 
0-01 M 0-01 M 
0-92 (3-1) 0-98 (3-5) 


dl-Lactate dl-Lactate 


0-04 M 0-02 M 
0-49 (1-9) 0-52 (2-1) 
0-49 (1- 0-51 (1-3) 


Pyruvate l-Malate 


1-53 1-06 ) 

(0-95) (0-77) 

1-69 1-03 | 4 
(1-32) (0-62) | found 


dl-Lactate 
0-16 M 


0-49 


0-28 


Succinate 
0-01 M 
0-44 
+0-43 
0-75 
—0-07? 
Succinate 
0-04 M 
0-57 


dl-Alanine 
0-04 M 


0-44 


0-42 


Fumarate 
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Pyruvate 


0-08 M 





0-41 


Fumarate 


0-01 M 
0-38 


+0-57 
+0-42 


—0-10? 
l-Malate 


0-04 M 
0-63 
Acetate 
0-01 M 


Hg removed with H,S 
Figures i in brackets give the 
‘amount of fermentable sugar 


0-92 Hg removed 
0-94 with Al 


* In these experiments the more dilute KI reagent of Shaffer & Somogyi was used. 


‘initial ”’ 


experiments, calculated from the final dry weight, these figures should be increased 


by about 30% 


For experiments with grey matter 


Brain grey matter, testis and tumours 


, Slices were prepared from four rat brains, 


enough being obtained to use 400-480 mg. of slices equally sampled from each 
brain, in each of four experimental flasks. “For experiments with testis, the testes 
of 3 rats were pulled apart into small bunches and 480-510 mg. of drained tissue, 


80—2 
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Table III. Brain grey matter, testis and tumours 


Total carbohydrate (as glucose) mg. per 100 mg. moist weight. 


Wet wt. 
Initial Time Initial End dl-Lactate Pyruvate 
Tissue Glucose dry wt. hr. control control 004M 0-02 M 
Brain = 8-82 1} 0-19 0-17 0-12 0-15 
- 8-85 1} — 0-21 0-15 0-16 
+ 8-85 1} 0-25 — 0-03 0-13 —0-10 
Testis - 8-08 1} 0-20 0-11 0-12 0-18 
0-17 
- 8-10 13 0-21 0-19 0-16 0-20 
+ 7-86 13 0-01 —0-44 ~ 0-37 — 0:35 
— 0-39 
Philadelphia -* 5-72 1} 0-18 0-13 0-11 0-21 
No. 1 Sarcoma 0-16 0-15 0-23 0-20 
-* 5°85 2 0-27 0-30 0-26 0-20 
0-23 0-27 0-21 0-20 
Walker No. 256 -* 5-76 2 0-20 0-28 0-28 0-28 
Carcinoma 0-23 0-18 0-35? 0-24 
- 6-29 1} 0-22 0-22 0-19 0-0 


* In these experiments the more dilute KI reagent of Shaffer & Somogyi was used. 


sampled equally from each testis, were taken for each of five experimental flasks. 
Brain and testis are damaged by standing in the absence of glucose. Both 
tissues, therefore, were kept in glucose-containing medium until ready and then 
rinsed in two lots of glucose-free Ringer solution before weighing. The experi- 
ments with cancer tissue were done with slices from two or more tumours and 
280-400 mg. of tissue were used for each flask. 

In none of these tissues was any sign of synthesis of carbohydrate from lactate 
or pyruvate observed. Results of experiments are shown in Table III. 


SUMMARY 


1. The synthesis of carbohydrate by slices of various rat tissues from lactate, 
pyruvate and other substrates has been studied under conditions similar to 
those prevailing in manometric experiments. Total carbohydrate was estimated 
in the tissue and medium by the method of Tsai, adapted for small amounts of 
tissue, with the glucose estimation method of Shaffer & Somogyi. 

2. In agreement with results of other authors, synthesis of carbohydrate 
from lactate and pyruvate was found in liver slices. No other substrate tried 
gave rise to any increase in total carbohydrate. The usual initial substrate con- 
centrations were 0-04 M dl-lactate, and 0-02 M pyruvate; when the concentra- 
tions were increased four or five times, synthesis was largely suppressed. 

3. Kidney cortex synthesizes carbohydrate from lactate, pyruvate, succinate, 
fumarate, malate and alanine. Synthesis proceeds most rapidly with pyruvate 
and it is suggested that synthesis from the other substrates occurs in virtue of the 
fact that they can all be converted into pyruvate by kidney cortex. As with liver, 
increasing the substrate concentration four times depresses the rate of synthesis. 

4. No synthesis of carbohydrate from lactate or pyruvate occurs in brain 
grey matter, testis or two types of cancer tissue studied. 
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CLIX. CARBOHYDRATE METABOLISM DURING 
EXPERIMENTAL HUMAN SALT DEFICIENCY 


By ROBERT ALEXANDER McCANCE 
From the Biochemical Laboratory, King’s College Hospital, London 


(Received 16 June 1937) 


MICHELSEN [1933] reported that high blood sugars accompanied the salt 
deficiency which could be produced in rabbits by diuretin. Figures of 0-222 and 
0-246 %, were obtained as against the normal 0-098 and 0-102 %. Similar results 
have been obtained by Wilkinson [1937]. It was decided, therefore, to in- 
vestigate this matter in human subjects. Five subjects, three of whom have 
already been described, were made salt-deficient by diet and sweating [McCance, 
1936, 1, 2]. The subjects were all adult males in good physical condition. Glucose 
tolerance tests were carried out when they were salt-deficient. The control tests 
were made either before any deficiency had been produced or at least a week 
after it had terminated. In some subjects the control and the experimental 
tests were made in the morning after an overnight fast, in others both tests 
were made in the afternoon after the omission of lunch. The dose of glucose was 
50 g. by mouth. Capillary blood was taken and the glucose in duplicate portions 
determined by Folin and Wu’s method after precipitation of the whole blood 
proteins by sodium tungstate and sulphuric acid. 

The results are shown in Table I. In comparison with Michelsen’s results the 
changes are small, but it will be observed that in each individual during salt 


Table I. Blood sugar curves in health and during salt deficiency 


Minutes after 50 g. of glucose 








F a 
Fasting 30 60 90 120 
Glucose Glucose Glucose Glucose Glucose 

Subject Condition 5 ie os % % 
R. B. N. Normal 0-095 0-128 0-120 0-110 0-112 
Deficient 0-101 0-151 0-149 0-110 0-134 
R. A. M. Normal 0-099 0-136 0-130 0-090 0-091 
Deficient 0-113 0-178 0-125 0-138 0-105 
D. W. Normal 0-095 0-112 0-141 0-135 0-126 
Deficient 0-120 0-152 0-133 0-107 0-131 
J. 4. B. Normal 0-101 0-129 0-099 0-080 0-092 
Deficient 0-105 0-186 0-163 0-137 0-118 
R. M. L. Normal 0-090 0-106 0-084 0-111 0-094 
Deficient 0-100 0-122 0-098 0-105 0-109 
Average Normal 0-096 0-122 0-115 0-105 0-103 
= Deficient 0-108 0-158 0-134 __ 0-119 0-119 
Difference between averages 0-012 0-036 0-019 0-014 0-016 


deficiency (1) the fasting blood sugar was higher than in health, (2) the blood 
sugar 30 min. after the dose of glucose was higher, (3) the blood sugar 2 hr. after 
glucose was also higher. The averaged results show higher blood sugars at all 
times during salt deficiency. 
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Discussion 


It has previously been shown that in man salt deficiency leads to a disordered 
nitrogen balance [McCance, 1936, 1, 2]. The present results suggest that it also 
interferes with carbohydrate metabolism. The changes are small in comparison 
with those in the rabbit, but they are in the same direction and contrary to those 
produced by adrenal cortex deficiency. It is therefore just possible that they 
are produced by over-activity of the cortex brought about by the salt deficiency. 
It has been suggested that these small abnormalities might be due to carbo- 
hydrate starvation since some of the subjects suffered considerably from nausea 
and found it difficult to take a full diet. This is not the case, because the diets of 
three subjects were weighed and are known to have contained 300-400 g. of carbo- 
hydrate per day. The other two subjects did not eat their normal quantities 
of protein and fat, but their food was closely supervised and their carbohydrate 
intake is known to have been adequate. Another possible explanation of the 
results “after glucose”’ is that during salt deficiency the sugar was being absorbed 
into a reduced volume of circulating blood. This, however, would not explain 
why the fasting values were higher during deficiency and would certainly not 
explain the animal findings. It might even be considered that since the method 
employed does not give “true” sugar values, the changes in the blood might 
not be changes in the concentration of glucose. It is believed, however, that the 
changes measured were really due to glucose because (a) although the salt- 
deficient blood contained more red cells per pul. than the normal blood, it 
can be calculated from the data of Herbert & Bourne [1930] that the change 
in the concentration of glutathione per 100 wi. would not have been nearly 
enough to account for the changes observed; (b) the increased rise in the blood 
sugar which followed the administration of glucose in four out of the five sub- 
jects may be assumed to have been due to a change in glucose concentration. 


SUMMARY 
Glucose tolerance tests have revealed small abnormalities in carbohydrate 


metabolism during experimental human salt deficiency. 


The author is indebted to Dr R. D. Lawrence for suggestions, to Mr H. R. 
Millar for his assistance with the technical work, and to the subjects for their 
wholehearted co-operation. 
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CLX. THE CHANGES IN THE PLASMA AND 
CELLS DURING EXPERIMENTAL 
HUMAN SALT DEFICIENCY 


By ROBERT ALEXANDER McCANCE 
From the Biochemical Laboratory, King’s College Hospital, London 


(Received 26 June, 1937) 


THE inorganic elements of the blood serum have been extensively studied in 
recent years and it has been shown that during health the concentration of 
sodium (and indeed of all the bases) is maintained within narrow limits. The 
concentration of chloride tends to vary inversely with that of bicarbonate, so 
that the sum of the two remains almost as constant as the concentration of 
sodium. In trying to produce a state of salt deficiency in normal men, a de- 
liberate attempt was made to alter the composition of these stable body fluids, 
and the present paper describes the immediate results. No previous work appears 
to have been done on the serum or on the red blood corpuscles (R.B.C.) in experi- 
mentally produced human salt deficiency, but studies have been made with 
animals and also with patients suffering from diseases incorporating this 
syndrome. The general changes in the serum are not disputed, but, although 
there have been numerous investigations, there is still considerable controversy 
over the behaviour of the R.B.c. A study of the literature indicates that (1) the 
technical difficulties involved in the withdrawal and analysis of blood are very 
considerable; (2) there are undoubtedly species differences in the ways in which 
the R.B.c. react to changes in their saline environment; (3) there may be con- 
siderable differences in the ways the R.B.c. react in vivo and in vitro; (4) in spite 
of making allowances for (1), (2) and (3), there are still unexplainable discrepancies 
between the results of different (and even of the same) investigators. The 
problem is clearly a very intricate one. 


PREVIOUS INVESTIGATIONS 

Three main questions have occupied people’s minds: 

(1) Do the R.B.c. behave as simple osmometers so far as volume is concerned 
when their environmental osmotic pressure (0.P.) is altered? 

According to Peters [1935] and other workers at Yale the R.B.c. probably 
do behave in this way both in vitro and in vivo [Eisenman et al. 1937]. Darrow & 
Yannet [1935] working on dogs, rabbits and monkeys found that NaCl de- 
ficiency produced by intraperitoneal glucose led to a fall in concentration of 
proteins in the R.B.c. of about the magnitude to be expected from osmotic con- 
siderations. Working on dogs, the same authors [1936] drew similar conclusions 
from their experimental results. Their figures, however, show that while this 
may have been true after removing NaCl, no reverse changes took place on 
restoring NaCl to the circulation. These reverse changes should have occurred 
according to their theory. Bellis & Scott’s [1935] results suggest that the cells, 
at any rate of the ox, may lose protein when subjected to environmental altera- 
tions of 0.P., so that the determination of cell protein does not seem such a 
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reliable guide to cell size as the determination of haemoglobin. Some of Darrow 
& Yannet’s findings may be due to this. Harrop [1936] concluded from his work 
on dogs that a fall in plasma Na and Cl led to a rise in the mean corpuscular 
volume, i.e. a fall in the concentration of haemoglobin in the R.B.c. A study of 
his figures for haemoglobin and cell volume, however, particularly those of his 
“glucose” experiments, suggests that this conclusion was not justified. The 
work of Swingle et al. [1936] on dogs provides no evidence that salt deficiency 
produces a fall in the concentration of haemoglobin in the r.B.c. The same may 
be said of Herrin’s [1935] experiments in which the salt deficiency was produced 
in quite a different way, namely by the continuous removal of succus entericus. 
The balance of evidence would seem to be that dogs’ R.B.c. do not behave as 
simple osmometers in vivo. Rabbits’ R.B.c. have been extensively investigated 
in vitro by Ponder and his associates [for references v. Ponder & Robinson, 1934], 
and it is clear from their work that the conditions are very complicated and that 
even in vitro the cells may not behave as true osmometers. 


(2) Can base be transferred across the corpuscular membrane in response to 
a change in concentration of base outside the cells? 


This has been frequently investigated, and there is a general consensus of 
opinion that dog and ox R.B.c., which contain much more Na than K, may alter 
their Na content to conform with the o.P. of the surrounding medium [Davson, 
1934; Yannet e¢ al. 1935-36]. There is therefore no difficulty in explaining why 
dog cells remain the same size in vivo, and it is indeed rather surprising that they 
should have been found by some observers to alter their size. Rabbit and monkey 
R.B.C., which contain much more K than Na, were considered by Yannet ef al. 
to be much less permeable to base than dog R.B.c. Nevertheless Ponder & 
Robinson [1934] and Henriques & Orskov [1936] considered rabbits’ R.B.c. to 
be permeable to K under appropriate conditions. Eisenman e¢ al. [1937], more- 
over, found that although human R.B.c. appeared to act as perfect osmometers 
in vivo so far as volume was concerned, yet base was transferred across their 
membranes in a wholly capricious manner and in one not dictated by osmotic 
considerations. There is in short considerable evidence that base may cross the 
membranes of the R.B.c., but the ease with which it does so appears to vary with 
the species and the ionic constitution of the cells. 


(3) Does chloride pass across the cell membranes in response to a rise or fall in 
plasma NaCl? 

Very few attempts have been made to answer this question experimentally. 
Indeed, the well-known fact that Cl can pass in and out of cells without passage 
of base in response to changes of O, tension and pH, seems to have led scientific 
opinion to attach too little importance to changes in cell Cl brought about by other 
environmental changes. Yannet et al. [1935-36] concluded from their experi- 
ments that changes in cell base would be accompanied by corresponding changes 
in the sum of the cell Cl and HCO,, and this is what one would expect. More 
clinical work has been done on the Cl ion than on any other, and there is no 
doubt that the cell Cl falls when the serum Cl falls [Vignes & Levy, 1934: 
Chabanier et al. 1934]. One of the most interesting cases may be quoted. 
Bernard et al. [1929] found the plasma Cl in one patient to be 216 mg./100 ml. 
and the HCO, 25-2 vol. %. The cell Cl at this time was 142 mg./100 ml. Saline 
was administered and after a slow recovery which was carefully followed stage 
by stage the plasma Cl was found to be 379 mg./100 ml. and the HCO, 58 vol. %. 
The cell Cl had now risen to 206 mg./100 ml. It is certain that the cell HCO, rose 
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with the plasma HCO,, and therefore these results are very strong indirect 
evidence that a large increase in the concentration of cell base had also taken 
place. It is true that unless simultaneous measurements of haemoglobin had 
been made, changes in the concentration of cell ions, even of this magnitude, do 
not prove that passage of inorganic ions took place across the cell membranes—but 
they strongly suggest it. 
PRESENT INVESTIGATION 

Blood was taken four times from each of five subjects, once during the 
preliminary control period, twice when they were salt-deficient and once after 
the main experiments had been concluded. From four of these subjects the 
bloods during deficiency were taken on successive days, but in R.M.L.’s experi- 
ment on the morning and evening of the same day. The last blood was generally 
collected 5-8 days after the subject had begun to take NaCl once more. From 
one subject, W. M.G., who could only be made partially deficient, two com- 
parable blood samples were taken. The salt deficiency was produced by diet and 
sweating [McCance, 1936, 1, 2]. Blood was taken from a vein in the arm without 
constriction. One portion was collected anaerobically under paraffin in a centri- 
fuge tube with sodium oxalate as anticoagulant. The plasma from this was used 
for Cl and HCO, determinations. A second small test-tube was almost filled 
without anaerobic precautions, using ammonium oxalate to prevent coagulation. 
This tube was corked up at once and the contents used for all the whole blood 
determinations and haemoglobin, and in the first two subjects for cell volumes. 
A third portion was allowed to clot in a stoppered tube, the serum separated 
and used for the determination of proteins, Na and K, while in the last four 
subjects a fourth portion was collected anaerobically under paraffin with heparin 
as anticoagulant and used for the cell volumes. Serum proteins were determined 
on 0-5 ml. samples as described by McCance & Watchorn [1930-31]. For the 
serum sodium duplicate portions of 0-5 ml. of serum were treated with 8 ml. of 
water and 1-5 ml. of trichloracetic acid. The Na in 2 ml. of the protein-free 
solution was precipitated as sodium zinc uranyl acetate and washed as described 
by McCance & Shipp [1931]. The triple salt was then either transferred to a 
100 ml. flask with water and determined colorimetrically as described by these 
authors or titrated with standard alkali in the centrifuge tube as described by 
Weinbach [1935]. The serum K was determined by Kramer & Tisdall’s [1921] 
method, special precautions being taken to standardize the cobaltinitrite against 
solutions of pure potassium salts. Chloride in plasma and whole blood was 
determined by Volhard’s principle [Van Slyke, 1923-24, McCance & Shipp, 1933]. 
Plasma bicarbonate was determined by the Van Slyke gasometric method 
[Harrison, 1930]. The whole bloods were dry ashed for Na and K, the former 
being estimated as described above and the latter by Hubbard’s [1933] method. 
The cell volumes were determined by haematocrit in tubes of approximately 
1 mm. internal diameter. For two of the subjects larger tubes of approximately 
3mm. were used. The tubes were centrifuged till the percentage of the column 
occupied by the cells was constant. Haemoglobin was estimated by Haldane’s 
CO method, 100% being equivalent to 13-8 g. of haemoglobin per 100 ml. of 
whole blood. No determinations except of haemoglobin and cell volumes were 
made until the four samples of blood had been collected from each individual 
and all were then carried out together, using the same measuring apparatus for 
each of the four samples. Thus, from the first, each experiment was arranged 
to provide its own control and to make the comparative results as reliable as 
possible. In the later experiments standard solutions of Na, K, and Cl were 
determined at the same time and with the same apparatus as the unknowns. 
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RESULTS AND DISCUSSION 


The results are shown in Table I and the following points call for comment. 

(1) The centre of interest in this investigation has been a comparison of the 
findings in the same person under two different conditions. There is no need 
therefore to discuss at length the normal findings in the light of other results but 
it is as well to mention their relationship to those of three recent investigators. 
Hald & Eisenman [1937] found a range of 129-139 m.eq./l. for serum Na, and 
Schmitt [1936, 1] 130-143. Maizels [1936] found a range of 136-142 m.eq./l. 
The present figures average 145-5 m.eq. with a range of 138-155, but it is pro- 
bable that all D. W.’s serum figures are slightly too high since a redetermination 
of his normal serum Na 18 months after his original experiment showed it to be 
144 m.eq./l. R. B.N.’s and J. T. B.’s serum sodiums were unchanged at that 
time and R. A. M.’s slightly higher than his previous level. The true range of 
normality as found by these methods therefore may be considered to be 138— 
150 m.eq./l. with an average of 143 m.eq./l. Maizels [1936] found an average of 
102 m.eq. of Cl/l. of plasma and Schmitt a range of 98-105. The present average 
of 100 is in good agreement. 

In the cells Hald & Eisenman [1937] found an average of 16 m.eq. of Na/l. of 
cells, and Maizels [1936] one of 12 m.eq. The present results are higher and range 
from 17 to 35m.eq., but are much lower than those of Schmitt [1936, 1] which were 
62-69. This last range seems to be too high. Hald & Eisenman [1937] found a 
range of 72-102 m.eq. of K/I. of cells, Schmitt [1936, 1] 74-82 and Maizels [1936] 
101-110. The present results agree well with those of Maizels. Maizels found an 
average of 51 m.eq. of Cl/l. of cells with which the present results are in fair 
agreement. Schmitt’s results are much higher and it is probable that there was 
some technical error in this author’s determination of the cellular ions, since 
there are other points in which the results are at variance with those of other 
investigators [Schmitt, 1936, 1, 2, 3]. Schmitt for example found almost as 
much Ca in the cells as in the serum and as much or more Cl in the cells than in 
the plasma during diabetic acidosis. 

(2) The present experiments are unanimous in showing a fall in serum Na 
and Cl during salt deficiency and a return to normal afterwards. W. M. G., who 
could only be made partially deficient, showed less fall than the others. There 
can be no doubt at all that the period of deficiency was accompanied by a fall 
in the osmotic pressure of the extracellular fluids. This has been discussed in 
previous publications [McCance, 1936, 1, 2]. The concentration of serum proteins, 
which in this respect are to be considered with the haemoglobin and cell volume 
of the whole blood, rose during salt deficiency, indicating that there was less 
water per 100 ml. of plasma at that time and probably a reduction in the total 
plasma volume. This last shows that fluctuations in the concentration of sodium 
in the serum are in themselves no measure of the total sodium ions in the cir- 
culating blood. These signs of dehydration are well known to follow supra- 
renalectomy or experimental removal of the extracellular ions in animals. They 
seem in most species to be an essential part of the salt-deficient syndrome even 
when, as in the present instance, there has been a free intake of water and a 
normal daily output of urine. After the deficiency the concentrations of haemo- 
globin and plasma proteins fell, not merely to their predeficient (normal) level 
but to a lower one. This change is far too large to have been due to the removal of 
blood for tests, so that temporary over-compensation must have taken place. 
Darrow & Yannet [1936] have reported the same phenomenon in dogs. The cause 
of it is unknown but it may be due to over-stimulation of the suprarenal cortex 
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or other regulating organ by the prolonged period of anhydraemia. It is worth 
noting that in man very low blood ureas accompany these post-deficient falls in 
serum proteins and haemoglobin. 

Salt deficiency brought about no change in the plasma bicarbonate and no 
consistent change in the serum K. 

(3) Turning to the cells, it will be observed in the first place that there was 
no consistent change in the concentration of haemoglobin in the R.B.c. The 
average difference was less than 1%. Had the cells behaved throughout as 
simple osmometers there should have been a fall in the concentration of haemo- 
globin/litre of cells of the order of 10°%, quite a large enough fall to have been 
detected with certainty in the averaged results and measured with a reasonable 
degree of accuracy even in the individual subjects. One must conclude therefore 
that the cells did not alter in size. That is to say, if they did temporarily alter in 
size for osmotic reasons following each daily removal or restoration of NaCl, 
subsequent adjustment enabled them to return later to their original size. In 
the second place, although the changes were less regular than the corresponding 
ones in the serum (see later), there was a consistent fall in the concentrations of 
K and Cl within the cells. Coupled with the fact that the r.B.c. did not alter in 
size, these findings suggest that in these subjects permanent osmotic equilibrium 
was achieved by a transference of ions rather than water across the cell mem- 
branes. It must be emphasized that the present results do not constitute any 
direct contradiction of those of Eisenman et al. [1937], for the conditions of 
experimentation were quite different. In the present work for example the cells 
were allowed a very much longer time in which to reach equilibrium with their 
surroundings. 

The changes in the cell Na are much more irregular than those of the other 
ions. The details are given in Table I but the results have not been considered 
sufficiently consistent to average. There appears, however, to be a tendency for 
the cell Na to fall slightly during the period of deficiency. Nevertheless it seems 
that in man adjustment of the cells to an NaCl deficiency in the plasma is not 
brought about only by a passage of Na and Cl ions across the membranes. K is 
also transferred. Even apart from Na, which is admittedly difficult to determine 
with accuracy in the cells, the present results include some curious individual 
inconsistencies. Take for example the normal findings on R. M. L. before and 
after deficiency. In the presence of the values for Na and Cl found in serum and 
the consistent cell K, how can one explain on technical grounds the preliminary 
low cell Cl or the subsequent low cell Na? The same figures for whole blood 
Cl were obtained by two different persons making independent analyses on 
separate days. The Na and K were determined on the same ashed samples. 
The work of Eisenman e¢ al. [1937] suggests that these curious inconsistencies 
are not technical but metabolic in origin, and if so they demonstrate how little 
we know about the mineral exchanges of the circulating red blood corpuscle. 


SUMMARY 


1. Salt deficiency in man, brought about by diet and sweating, leads to a fall 
in the concentration of Na and Clin the serum, i.e. to a fall in its osmotic pressure. 

2. The red blood corpuscles do not permanently increase in size and although 
they may do so temporarily this has not been observed. Osmotic equilibrium 
with the hypotonic plasma is brought about by a passage of K, Cl and possibly 
Na ions out of the cells. 

3. The deficiency of NaCl also brings about a rise in the serum proteins, 
haemoglobin and cell volume of the whole blood. Restoration of a free NaCl 
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intake causes the serum proteins, haemoglobin and cell volume to fall below 
their initial levels. 


The author owes the voluntary subjects a deep debt of gratitude. He also 
wishes to thank A. W. Haynes and R. J. Millar for a great deal of assistance with 
the technical work. 
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In a recent paper by Cohen & Harris [1937] it is shown that the lignin of maple 
wood is, to a limited extent, soluble in hot dilute sulphuric acid and also in hot 
water. That a fraction of lignin is soluble in water has been suspected for many 
years and recently it has been definitely suggested by Paloheimo [1929]. The 
solubility of lignin in dilute acids is discussed by Schorger [1926, p. 92] and 
Hawley & Wise [1926, p. 70], and only recently it has been shown that the lignin 
of beech wood is soluble i in hot 10% sulphuric acid [Bamford & Campbell, 1936]. 
The study of the action of dilute sulphuric acid and of hot water on the chemical 
composition of various woods has been in progress in this Laboratory during 
the past few years. Results so far obtained indicate that treatment of oak sap- 
wood with water at 98° for periods over 100 hr. results in the solution or de- 
composition of approximately 20°% of the apparent lignin, while continuous 
treatment of oak heartwood with 1% sulphuric acid under the same conditions 
for 17 days causes the solution or decomposition of some 34% of the apparent 
lignin. The object of the present communication is to record some recent obser- 
vations concerning the pink coloration which develops after sodium sulphite is 
added to hardwoods or their extracts after chlorination and treatment with 
sulphurous acid. Cohen & Harris [1937] have used this well-known but little 
studied colour reaction as a confirmatory test for the presence of lignin in the 
aqueous and acid extracts of maple wood but, as the following results will show, 
little reliance can be placed upon their conclusions. 


EXPERIMENTAL 


Small amounts of the substances named in Table I which had been prepared 
in this Laboratory at various times were moistened with water and exposed to 
gaseous chlorine in diffuse sunlight for 5 min. Sodium sulphite solution was then 
added in slight excess after adding a few drops of water saturated with sulphur 
dioxide. All the substances gave a positive pink colour reaction. 

A few drops of cold, saturated chlorine water were added to approximately 
25 ml. of each of the extracts in Table II. After shaking for 5 min. a few drops 
of water saturated with sulphur dioxide were added. Anhydrous sodium sulphite 
was added in sufficient excess to neutralize the acids present and in every case 
a positive pink coloration was observed. 

The striking conclusion which emerges from the foregoing qualitative experi- 
ments is that the structure of a number of hardwoods is permeated with a body 
or bodies which give an extremely sensitive chlorine-sodium sulphite reaction. 
We have evidence that such a body is also present in softwoods such as Sitka 
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Table I. Partial list of wood products which give a positive chlorine- 
sodium sulphite reaction 


Substance Source 
Oak sapwood starch Campbell [1935, 1] 
Water-soluble polysaccharide from oak sapwood related Campbell [1935, 2 
to starch 
Lignin-like residue remaining after acid hydrolysis of oak Campbell [1935, 1] 
sapwood starch 
Hemicellulose A from oak sapwood O’ Dwyer [1934] 
Hemicellulose B from oak sapwood O’ Dwyer [1934] 
Water-insoluble fraction of hemicellulose A from oak O’ Dwyer [1937] 
sapwood 
Fraction of oak sapwood hemicellulose A which is in- O’ Dwyer [1937] 
soluble in H,O and not hydrolysed by takadiastase 
Water-soluble fraction of oak sapwood hemicellulose A O’ Dwyer [1937] 
Hemicellulose A from oak sapwood which had previously O’ Dwyer [1937] 
been extracted with water at 98° for 105 hr. 
Hemicellulose A from oak heartwood O’ Dwyer [1934] 
Lignin-like residue from hemicellulose A of oak heartwood O’ Dwyer [1934] 
Impure starch from oak leaves Campbell [1935, 2] 
Exuded “kino” from jarrah wood Campbell & Bryant [1937] 


Table II. Partial list of wood extracts which give a positive chlorine- 
sodium sulphite reaction 


*Hot- and cold-water extracts of oak sapwood, maple, beech and ash woods 
+Alcohol-benzene (1 : 2) extracts of oak, maple, beech and ash woods 
Filtrate from a lignin determination on oak sapwood, using the method of Bamford & 
Campbell [1936] 
*Hot-water extract of lignin from oak heartwood which latter had previously been 
treated with 1% H,SO, at 98° for 17 days 
*Hot-water extract of lignin isolated from oak, ash and beech woods by the above 
method 
*Hot-water extract of beech wood lignin. Wood pre-treated with hot 5° H,SO, in 
2 min. periods [Bamford & Campbell, 1936] 
*Cold-water extract of lignin from oak sapwood, beech and ash woods 
*Cold-water extract from oak sapwood which latter had previously been extracted with 
water at 98° for 141 hr. 
* Extracts obtained by shaking a small quantity of the material with water in a test-tube 
for a few minutes and filtering through a Whatman No. 50 filter paper. 
+ Extracts first evaporated to dryness and dispersed in cold water. 


spruce and Douglas fir. Since we have found that purified wood cellulose (filter- 
paper) and Cross and Bevan cellulose from beech wood give no such colour 
reaction it is obvious that the body in question is destroyed or removed during 
the ordinary processes used in the isolation of cellulose. That it is capable of 
surviving the somewhat drastic conditions which prevail during the isolation 
of lignin by the sulphuric acid process is proved by the fact that a positive 
chlorine-sodium sulphite reaction is given by an aqueous extract of isolated 
lignin. The claim of Cohen & Harris [1937] that the filtrate from a lignin deter- 
mination does not give any form of colour reaction with chlorine and sodium 
sulphite cannot be sustained. It is, of course, well known that the reaction will 
only develop in a neutral or slightly alkaline system. 

The so-called colour reactions for lignin have long been a subject of discussion, 
which has been well summarized by Schorger [1926, p. 122] and Hawley & Wise 
[1926, p. 49]. The latter authors have concluded that certain of the colour 
reactions may be given by natural substances quite apart from the components 
of wood and should on this account be interpreted with the greatest caution. 
Schorger [1926, p. 83] has observed that the chlorine derivatives of pyrogallol 
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and “‘lignone chloride” give identical colour reactions with sodium sulphite 
and ferric chloride. The chlorine-sodium sulphite test was therefore applied to 
a number of phenolic bodies which happened to be available, with the results 
shown in Table III. 


Table III. Colour reactions of various phenols with chlorine 
and sodium sulphite 


Substance Colour reaction 

Pyrogallol (B.D.H. preparation) Pink as with hardwoods 
Methyl gallate (B.D.H. preparation) Pink as with hardwoods 
Tannic acid (m-digallic acid, B.D.H. preparation) Pink as with hardwoods 
Phloroglucinol (AnalaR) Green 

Resorcinol (B.D.H. preparation) Nil 

Quinol Nil 

Catechol Nil 

Guaiacum resin Nil 


It therefore appears that the chlorine-sodium sulphite reaction is specific for 
phenolic bodies containing a 1:2:3-trihydroxybenzene nucleus, and the suggestion 
presents itself that such bodies are actually present in hardwoods and are 
responsible for the well-known colour reaction given by such woods with chlorine 
and sodium sulphite. The presence of phenols in various wood products was 
confirmed by the ferric ferricyanide test of Cross and Bevan and Crocker 
[Schorger, 1926, p. 122], positive blue colour reactions being given by 

Oak heartwood 

Cold-water extract of oak sapwood 
Cold-water extract of Sitka spruce 
Cold-water extract of East African camphor 


Filtrate from lignin determination on oak sapwood 
Cold- and hot-water extracts of lignin from beech and Douglas fir woods 


A few experiments revealed that the above colour reactions for phenols are 
extremely sensitive. By means of chlorine water, sulphurous acid and sodium 
sulphite it was possible to detect 1 part of tannic acid (B.D.H. preparation) in 
1 million parts of water, whilst by means of ferric ferricyanide 1 part of tannic 
acid in 10 million parts of water could readily be detected. Of the two tests 
only the former is specific for the 1:2:3-trihydroxybenzene nucleus. 

A final experiment was carried out in order to determine whether the colour 
reaction given by a naturally occurring trihydric phenol of the type mentioned 
above is capable of surviving the conditions employed in a standard lignin 
determination. 1 g. of tannic acid (B.D.H. preparation) was incorporated with 
25 ml. of 72% H,SO, and maintained at 10° for 5 hr. Thereafter the sulphuric 
acid was diluted to 3°% concentration and the system was boiled for 2 hr. The 
tannic acid passed into solution in the dilute acid, but no precipitate was formed 
even after standing in the cold for 3 days. The cold solution gave a strongly 
positive colour reaction with chlorine and sodium sulphite. 


DIscUsSION 


There can now be little doubt that if the well-known colour reaction given by 
woods with chlorine and sodium sulphite is to be accepted as a typical lignin 
reaction, any method involving sulphuric acid for the analytical determination of 
lignin is reduced to an absurdity. The colour reaction in question has been shown 
to be soextremely sensitive as to show thateven isolated sulphuric acid-lignin from 
various woods is partially dissolved during a few minutes’ shaking with cold water. 
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The above experimental evidence is in favour of the view that certain phenolic 
bodies containing a definite structural unit, probably the 1:2:3-trihydroxyben- 
zene nucleus, permeate the structure of certain hardwoods and softwoods. Such 
bodies are soluble in water and alcohol-benzene and are capable, in part at least, 
of surviving the drastic conditions employed in the isolation of lignin by the 
sulphuric acid method. The extent to which such bodies occur in isolated lignin 
has not yet been assessed, but a much fuller knowledge of them should obviously 
be of far reaching importance in lignin chemistry. The results of this preliminary 
investigation strongly suggest that the substances in question are either tannins 
or some form of lignin itself, and their fuller investigation is in progress, since the 
lists of wood products in the foregoing tables, which give the chlorine-sodium 
sulphite reaction, are by no means exhaustive. 


SUMMARY 


1. The well-known colour reaction given by woody tissues with chlorine 
and sodium sulphite has been studied in a series of qualitative experiments. 

2. The reaction is given by cold and hot aqueous extracts of wood, by the 
acid filtrate from lignin determinations and even by cold aqueous extracts of 
isolated sulphuric acid-lignin itself. 

3. The reaction is probably specific for phenolic bodies containing the 
1:2:3-trihydroxybenzene nucleus, such as pyrogallol, tannic acid, etc. 

4. It is suggested that phenolic bodies, which may be either tannins or even 
a form of lignin itself, permeate the structure of certain hardwoods and softwoods 
and are capable of surviving, in part at least, the conditions employed in the 
isolation of lignin by means of concentrated sulphuric acid. 


The authors are indebted to Mr W. A. Robertson, Director of Forest Products 
Research, for permission to communicate these results. 
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ALTHOUGH Votocek [1897] was probably the first investigator to describe a 
method of determination of methylfurfuraldehyde by precipitation with phloro- 
glucinol in hydrochloric acid solution, it was left to Ellett & Tollens [1905], 
following the work of Kréber [1901] on pentoses, to apply the method to the 
methylpentoses. By the usual distillation procedure with 12° hydrochloric 
acid and precipitation with phloroglucinol they were able to construct tables 
showing the relationship between rhamnose and methylfurfuraldehydephloro- 
glucide. In addition, they sought to apply the method to mixtures of arabinose 
and rhamnose, separating the precipitated phloroglucides by extraction with 
boiling alcohol in which the furfuraldehyde precipitate was supposedly insoluble. 
The accuracy of the procedure was of no very high order, a fact which Ellett & 
Tollens admitted; but nevertheless, the method as originally proposed is in 
wide use at the present time, having been adopted, for example, by the Association 
of Official Agricultural Chemists. 

The determination naturally falls into two parts: (a) the distillation; (b) the 
determination of methylfurfuraldehyde. With regard to the former, it has been 
shown in a previous communication [Marshall & Norris, 1937] that the yield of 
methylfurfuraldehyde depends on the original sugar itself and also on such 
factors as oxidation and the action of the acid, which are inherent in the dis- 
tillation procedure. The investigations to be described in this communication 
are divided into three sections: (a) a review of the distillation procedure with 
suggestions for that which is best suited to the methylpentoses; (b) a review of 
precipitation and titrimetric methods for determining methylfurfuraldehyde : 
and (c) the isolation and identification of a substance, derived by distillation 
from rhamnose, and shown to be acetone, which is a source of error in some 
methods of determination. 


EXPERIMENTAL 
A. Distillation 
Changes in the acid concentration during the distillation are unquestionably 
the major source of decomposition of methylfurfuraldehyde when rhamnose 
itself is under treatment. Hence it appears probable that the most suitable 
distillation procedure to adopt would be such that no changes occurred in the 
concentration of the acid. 
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In the method of Ellett & Tollens, which employs 12% hydrochloric acid 
the concentration of acid is far from constant during the period of distillation 
but since the existing tables and formulae are based on this distillation method, 
it was deemed advisable to test this carefully before seeking others. 

Method of Ellett & Tollens. The method employed by us for distillation and 
subsequent precipitation with phloroglucinol was similar to that originally 
devised by Ellett & Tollens for methylpentoses, but was very stringently 
standardized, and has been described in detail in previous communications in 
this series, being closely similar to that used by Kréber for pentose deter- 
minations. 

Determinations on samples of rhamnose of well-defined purity were carried 
out by this method, the results being compared with those obtained by Ellett & 
Tollens as set out in their tables reproduced by van der Haar [1920]. 

The following table is representative of a large number of results obtained, 
and it is evident that there is considerable lack of concordancy between dupli- 
cates, and that in every case our yields of phloroglucide were lower than those 
recorded by Ellett & Tollens. The yield of phloroglucide is smaller and the 
discrepancy with the earlier workers greater for the smaller quantities of rham- 


nose. 





Table I 
Wt. of phloroglucide Yield calc. on rhamnose 
Wt. of 2 7 A = 2 ‘ ; 
rhamnose Found Ellett & Tollens Found Ellett & Tollens 
g- g- g. % % 
0-0508 0-0138 0-0255 27-16 50-19 
0-0144 32-28 
0-0164 28-34 
0-0145 28-15 
0-0606 0-0251 0-0318 41-42 52-47 
0-0615 0-0285 0-0326 46-34 53-01 
0-0995 0-0556 0-0580 55-89 58-29 
0-0557 55-89 
0-0462 46-45 
0-0552 55-47 
0-0480 48-23 
0-0511 51-36 


The standard error of experiment was high, being of the order of +8%. That 
the method of distillation was essentially responsible for the discrepancies 
observed was substantiated by distilling a large quantity of rhamnose in a 
similar manner and then removing aliquots of the distillate for precipitation 
with phloroglucinol and thiobarbituric acid, with the following typical results. 


Table II 
Wt. of ppt. with Wt. of ppt. with 
phloroglucinol thiobarbituric acid 
&- &- 
0-0419 0-0528 
0-0418 0-0531 
0-0428 0-0533 
0-0428 6-0531 


The standard errors here are much smaller and of the order to be expected, 

being +1-2°% for phloroglucinol and +0-7 % for thiobarbituric acid. 
Steam-distillation. The distillation procedure of Ellett & Tollens having proved 

unsatisfactory, we then sought to determine whether the steam-distillation 
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method advocated by Pervier & Gortner [1923] could be applied successfully to 
the problem. Here again it must be stressed that the acid concentration does not 
remain constant during distillation, but in this case the acid in the flask becomes 
progressively weaker as distillation proceeds. Theoretically, then, higher and 
possibly more concordant yields of methylfurfuraidehyde should be obtained. 

On account of the large volumes of distillate that were obtained by this 
method, the methylfurfuraldehyde was determined titrimetrically by the 
method of Powell & Whittaker [1924]. By reference to Table III it will be 
observed that the discrepancies between determinations were even greater than 
in the previous method, and the percentage recovery of methylfurfuraldehyde 
was actually lower than that obtained by Ellett’s distillation method. 





Table III 
Methylfurfuraldehyde 
Wt. of X ~ 
rhamnose Theory Found Recovery 
g- g- &- % 
0-1993 0-1205 0-0600 49-84 
0-0595 49-38 
0-0587 48-73 
0-0565 46-88 
0-1018 0-0615 0-0249 40-33 
0-0282 45-89 
0-0321 52-19 


Distillation procedure of Kullgren & Tyden [1929]. Finally, we essayed the 
distillation method suggested by Kullgren & Tyden. These authors recommended 
distillation of the pentose or methylpentose with 13-15% hydrochloric acid 
saturated with salt, the presence of the latter maintaining the acid concentration 
at 13-15% throughout the distillation owing to a depression of the ionization 
[Oman, 1924]. 

100 ml. of 13-15 % hydrochloric acid containing a known weight of the sugar 
in solution are placed in the distillation flask, and the acid saturated by the 
addition of 20 g. sodium chloride. Distillation is continued at the rate of 25 ml. 
every 10 min., the liquid in the flask being replenished by repeated addition of 
fresh acid until distillation is complete. 

Preliminary experiments had indicated that 20g. of salt were usually 
insufficient to maintain the solution constantly saturated, with the result that 
a correspondingly detrimental effect on the yields of precipitate obtained was 
observed. Accordingly distillations were performed with varying quantities of 
salt (previously dried at 100°), and it was found that in proportion to the amount 
of salt added, the yields of methylfurfuraldehyde increased, as also the con- 


Table IV 


Wt. of ppt. with 
Wt. of salt thiobarbituric acid 


g. g. 
18 0-0745 
0-0690 
20 0-0740 
0-0716 
22 0-0763 
0-0766 
24 0-0768 
0-0760 
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cordance between duplicate determinations. 22 g. of salt were just sufficient to 
ensure that the solution remained saturated without having a large excess 
present throughout the distillation, and hence this amount was employed in all 
subsequent determinations. The effect of increasing proportions of salt is shown 
in Table IV. 

In the past, doubt has occasionally been expressed, particularly where 
titrimetric methods were used, as to whether all the methylfurfuraldehyde from 
rhamnose passed over with the first 350 ml. of distillate. We have found, how- 
ever (Table V), that a distillation period of 2 hr. 20 min. suffices for complete 
distillation of the methylfurfuraldehyde, since a longer time of distillation shows 
no appreciable difference in the weight of precipitate obtained with thiobarbituric 
acid for example. 


Table V 
0-0960 g. rhamnose used in each case 
Time of Wt. of ppt. with 

distillation thiobarbituric acid 

min. g. 

140 0-0732 

140 0-0707 

280 0-0732 

280 0-0704 


Using the technique outlined, the distillation procedure was then applied 
to the determination as phloroglucide of methylfurfuraldehyde from rhamnose. 
Good agreement was recorded between duplicate determinations, and in all 
cases the yields of phloroglucide were considerably higher than those given in 
the tables of Ellett & Tollens from the corresponding quantities of rhamnose. 





Table VI 
Wt. of phloroglucide Phloroglucide calc. on rhamnose 
Wt. of — "= — — fe 
rhamnose Found Ellett & Tollens Found Ellett & Tollens 
g. g. g. ~ % 
0-0754 0-0473 0-0415 62-73 55-03 
0-0468 62-05 
0-0483 62-04 
0-0471 62-46 
0-0482 63-92 
0-0481 63-78 
0-0997 0-0665 0-0581 66-69 58-27 
0-0665 66-69 
0-0662 66-39 
0-0665 66-69 
0-1502 0-1048 0-0951 69-76 63-31 
0-1058 70-46 
0-1077 71-71 
0-1059 70-50 


Thus the distillation has been exposed as the greatest weakness in the method 
of determination employed by Ellett & Tollens, but satisfactory results may be 
obtained if the distillation procedure of Kullgren & Tyden be adopted in the 
slightly modified form indicated. 


B. Determination of methylfurfuraldehyde in hydrochloric acid solution 
(1) Precipitation methods. The behaviour of the following reagents towards 
methylfurfuraldehyde and their use for determining methylfurfuraldehyde 
produced from rhamnose by distillation has been investigated: phloroglucinol, 
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barbituric acid, thiobarbituric acid, 2:4-dinitrophenylhydrazine, diphenylthio- 
barbituric acid. 

Since in most cases the optimum conditions of precipitation with these 
reagents have not hitherto been determined, and since standardization in this 
phase of the determination is as essential as in the distillation, we give below 
details of procedure which we have found most satisfactory in each case. 

Phloroglucinol. 50 ml. of phloroglucinol solution were added to 350 ml. of a 
standard methylfurfuraldehyde-hydrochloric acid solution. After standing 
16 hr. the precipitates were filtered off through IG 4. sintered-glass crucibles, 
washed with 150 ml. water and dried at 100° for 4 hr. 

There is little evidence that a definite compound of methylfurfuraldehyde 
and phloroglucinol is formed, and hence the relationship between the former and 
its phloroglucide is a purely empirical one. Such relationships have been deter- 
mined mathematically on lines similar to those described in a previous com- 
munication [Angell et al. 1936]. Complete data are given in the following com- 
munication in this series but for the present it will suffice merely to indicate the 


derived relationship : V =0-5P +.0-0053 +0-0017 


where M=g. methylfurfuraldehyde, P=g. phloroglucide corresponding. 

Barbituric acid. A quantity of barbituric acid in 13-15% hydrochloric acid 
solution equivalent to eight times the weight of methylfurfuraldehyde antici- 
pated was added and the final volume adjusted to 400 ml. by further addition of 
hydrochloric acid. After standing 40 hr., the precipitate was filtered through an 
alundum crucible (medium grade) and washed with 200 ml. of distilled water, 
dried for 4 hr. at 100°, cooled and weighed. 

It was found that barbituric acid was not a very satisfactory precipitant in 
actual tests on rhamnose etc., and for this reason the direct relation between 
methylfurfuraldehyde and the barbituric acid precipitate was not determined. 
When required the formula of Fromherz [1907] was employed: 


M=1/2(B-+ (nx 0-000023)], 


where M=g. methylfurfuraldehyde, B=g. barbituric acid precipitate, n=ml. 
solution. 

Thiobarbituric acid. This reagent was prepared in the laboratory by the 
synthesis of Gabriel & Colman [1904]. 

We have found that it is advisable to use a freshly prepared solution of the 
reagent in 13-15% hydrochloric acid, which, after cooling, has been filtered to 
remove traces of insoluble substances. The proportion of thiobarbituric acid to 
methylfurfuraldehyde should be not less than 3:1. After addition of the 
reagent, the final volume is made up to 500 ml. The solution is allowed to stand 
20-24 hr. after precipitation and then filtered through alundum crucibles 
(medium grade), washed with 150 ml. water and dried at 100° for 4 hr. 

In this case the equation correlating methylfurfuraldehyde and its pre- 
cipitate with thiobarbituric acid was found to be: 


M =0-4605T + 0-0008 + 0-0010, 


where M=g. methylfurfuraldehyde, 7 =g. thiobarbituric acid precipitate. 

2:4-Dinitrophenylhydrazine. An excess of a 0-5°%, solution of the reagent in 
13-15% acid was employed. The weight of reagent used must be at least ten 
times the weight of methylfurfuraldehyde to be precipitated. After standing 
24hr. the precipitate is filtered through an alundum crucible, washed with 
150 ml. water, dried at 100° for 2 hr., cooled and weighed. 
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The condensation product so obtained is quite insoluble and possesses a 
definite composition: Hence in this case methylfurfuraldehyde was calculated 
as required by multiplying by the factor 110/290. 

Diphenylthiobarbituric acid. The reagent was prepared according to the pro- 
cedure outlined by Tischtschenko & Koschkin [1934] and used according to 
their directions for the determination of furfuraldehyde. Although we found 
that this reagent does precipitate methylfurfuraldehyde, the results were entirely 
unsatisfactory and have not been included in this paper. It was found that 
excess of the reagent itself was precipitated together with the methylfurfur- 
aldehyde condensation product. Attempts to remove the reagent from the 
filtered product by washing with larger or smaller quantities of 4°% ammonium 
acetate, whether hot or cold, also proved unsatisfactory, the condensation 
products themselves being leached out together with excess of the reagent. 

(2) Titrimetric methods. Method of Powell & Whittaker [1924]. Perusal of the 
literature reveals that some doubt exists as to the precise amount of bromine 
absorbed by a given quantity of methylfurfuraldehyde. Preliminary work with 
methylfurfuraldehyde showed that the bromine absorbed depended upon the 
temperature, the time of standing and the excess bromine present, as the results 
in the following table testify. 


Table VII 
0-0464 g. methylfurfuraldehyde used in each case 
N/10 bromate Atoms bromine 
Time of 4A per mol. 

Temperature standing Added Absorbed methylfur- 

°C. hr. ml. ml. furaldehyde 

18 1 25 19-01 4-508 

18 3 25 19-97 4-736 

18 6 25 21-58 5-117 

18 1 50 19-20 4-553 

18 3 50 20-10 4-767 

18 6 50 21-52 5-105 

25 1 25 19-37 4-594 

25 3 25 20-83 4-939 


In view of this we have adhered rigidly to the experimental conditions 
stipulated by Powell & Whittaker and have determined the ratio of bromine to 
methylfurfuraldehyde over a wide range of concentrations of methylfurfur- 


aldehyde. 
Table VIII 

Wt. of Atoms bromine 

methylfur- N/10 bromate per mol. 

furaldehyde absorbed methylfur- 

g. ml. furaldehyde 

0-0557 22-53 4-45 
0-0446 18-00 4-44 
0-0334 13-7 4-50 
0-0223 9-2 4-52 
0-0167 6-9 4-53 
0-0111 4-5 4-50 
0-0056 2-2 4-30 
0-0022 0-7 3-50 
0-0011 0-3 2-50 
0-0006 0-1 0-92 


It is clear that this ratio is by no means constant as was formerly assumed, 
but a direct linear relationship exists between the methylfurfuraldehyde and the 
bromine absorbed, and this has been utilized for calculation of subsequent 
determinations with this method by means of a graph. 











DETERMINATION OF METHYLPENTOSES 1295 


Method of Kullgren & Tyden. Kullgren & Tyden [1929] found that the first 
stage of the reaction between bromate and furfuraldehyde consisted of an 
oxidation of furfuraldehyde with accompanying formation of 2 mol. of hydro- 
bromic acid, and they utilized this as a basis for the determination of furfur- 
aldehyde. 

These authors made the assumption that methylfurfuraldehyde behaves 
similarly to furfuraldehyde in absorbing 2 atoms of bromine per mol. Actually, 
we have found that the bromate utilization of methylfurfuraldehyde under the 
conditions of their titrimetric method is dependent upon the temperature, the 
acidity and the concentration of the methylfurfuraldehyde. 


Table IX. Kullgren & Tyden titration 
A. Effect of temperature 


0-0079 g. methylfurfuraldehyde used in each case 


Atoms bromine 


N/20 bromate per mol. 
Temperature used methylfurfur- 
°C. ml. aldehyde 
18 5-78 4-02 
25 5-70 3-97 
33 6-04 4-21 


B. Effect of acidity 
0-0289 g. methylfurfuraldehyde used in each case; t=18° 


Acidity (%) 


0-5 17-10 3-25 
0-6 20-50 3-90 
0-7 20-75 3-95 
0-8 21-20 4-03 
0-9 21-50 4-09 


C. Effect of concentration of methylfurfuraldehyde 
Acid concentration 0-5 % in each case; t= 18° 


Wt. of methylfur- 
furaldehyde (g.) 


0-0296 16-73 3-11 
0-0236 16-47 3°84 
0-0197 13-96 3-90 
0-0158 11-36 3-96 
0-0079 5-78 4-02 
0-0039 2-93 4-13 
0-0020 1-58 4-35 
0-0008 0-61 4-19 
0-0004 0-38 5-23 
0-0002 0-21 5-78 


The results in Table [X C obtained at constant temperature and acidity were 
adopted as standard, future results by the method being obtained by reference 
to a graph. We have departed from Kullgren & Tyden’s technique for furfur- 
aldehyde in one respect only: the acidity is stabilized at exactly 0-5 % instead 
of approximately between 0-5 and 1:0%. 

Comparison of foregoing methods. Having examined the relationship of the 
various reagents to known quantities of methylfurfuraldehyde, it next becomes 
of importance to study such relationships when the methylfurfuraldehyde is 
distilled according to the usual procedure. The modification of the salt method, 
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previously described, was adopted and to ensure fair standards of comparison 
approximately 0-05 g. methylfurfuraldehyde was used in each case, except 
where titrimetric methods were used, and here, in order to obviate experimental 
difficulties, it was necessary to use somewhat smaller amounts. Table X gives 
the mean of four closely agreeing determinations for each of six methods 
employed. 


Table X 

Wt. in Apparent 

Method of Wt. taken distillate recovery 
determination g. g. % 
Barbituric acid 0-0533 0-0347 65-1 
Phloroglucinol 0-0533 0-0370 69-4 
Thiobarbituric acid 0-0427 0-0314 73-4 
2:4-Dinitrophenylhydrazine 0-0574 0-0436 75-9 
Powell & Whittaker 0-0403 0-0312 77-4 
Kullgren & Tyden 0-0318 0-0252 79-3 


Since all the methods of determination have been standardized against 
known weights of methylfurfuraldehyde, and the known destructive effect of 
distillation is approximately constant a reasonably close concordance in apparent 
recovery might be anticipated. This is clearly not the case and hence other 
factors must be inducing disturbing effects. The differences become more clearly 
marked if rhamnose is used as the source of methylfurfuraldehyde by distillation, 
as shown in Table XI. 





Table XI 
Methylfurfuraldehyde 
Wt. of ’ = - — 
Method of rhamnose Theory Found Recovery 
determination g. g- g- % 

Barbituric acid 0-1002 0-0606 0-0330 54-5 
Thiobarbituric acid 0-1011 0-0611 0-0365 59-7 
Phloroglucinol 0-1002 0-0606 0-0388 64-0 
Kullgren & Tyden 0-1001 0-0605 0-0425 70-3 
Powell & Whittaker 0-0998 0-0603 0-0440 73-0 
2:4-Dinitrophenylhydrazine 0-0993 0-0600 0-0450 75-0 


Results by the various methods fall into two well-defined groups—the last 
three methods giving definitely higher results than the first three. It would seem 
probable, then, that some other substance, susceptible of determination by the 
last three methods, is produced when rhamnose and, to a less extent, when 
methylfurfuraldehyde is distilled. 


C. Formation of acetone on distillation of rhamnose and methylfurfuraldehyde 


From the foregoing it will be seen that we must look for some substance in 
addition to methylfurfuraldehyde which is capable of reacting under the con- 
ditions of the Powell & Whittaker, and the Kullgren & Tyden titrations and also 
with 2:4-dinitrophenylhydrazine. 

It may be recalled that Maquenne [1889, 1] distilled Fucus and also rhamnose 
[1889, 2] with 20% sulphuric acid and obtained an aqueous liquid which on 
fractional distillation was stated to yield first a little acetone, followed by water 
and methylfurfuraldehyde. These observations appear to have been overlooked, 
but it appeared possible that acetone might be one of the interfering substances 
we were seeking and its isolation and identification were attempted as follows. 

1 g. of rhamnose was distilled in the usual manner with 13-15% hydrochloric 
acid until 350 ml. of distillate had passed over, and the methylfurfuraldehyde 
was precipitated by addition of 1-5 g. thiobarbituric acid dissolved in 150 ml. 
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13-15 % hydrochloric acid. After standing for 24 hr., the precipitate was removed 
by filtration through an alundum crucible and the filtrate neutralized with lead 
carbonate, the latter also precipitating the excess thiobarbituric acid as the 
insoluble lead salt. After filtration, the solution was distilled twice, the final 
distillate being obtained perfectly clear and colourless. 

Upon addition of a solution of 2:4-dinitrophenylhydrazine in hydrochloric 
acid to the distillate, the latter immediately became turbid, and after standing 
for 24 hr., a small quantity of an orange-coloured precipitate settled out. 
Insufficient was obtained to permit recrystallization and determination of the 
melting-point. 

A control experiment omitting the rhamnose but otherwise carried out 
exactly as above showed that the presence of some substance in the rhamnose 
distillate is essential to the formation of the precipitate with 2:4-dinitrophenyl- 
hydrazine. The nature of the experiment shows that the substance is not 
precipitable by thiobarbituric acid. 

A further quantity of rhamnose was distilled and submitted to the procedure 
outlined, various tests being applied to the final distillate. A positive reaction 
was obtained in each of the following tests for acetone: (a) iodoform test [Lieben, 
1870]; (6) nitroprusside test [Legal, 1888]; (c) o-nitrobenzaldehyde test [ Penzoldt, 
1885]; (d) salicylaldehyde test [Frommer, 1918]. 

There is therefore little doubt that acetone is produced in the acid distil- 
lation of rhamnose, although at this stage it was not possible to say whether it 
arose direct from rhamnose or through partial decomposition of methylfur- 
furaldehyde. To investigate this point, 1 g. of synthetic methylfurfuraldehyde 
was distilled as usual, the distillate being treated as above for rhamnose. The 
filtrate gave a faint turbidity with 2:4-dinitrophenylhydrazine but gave negative 
results in the tests for acetone enumerated above, except in the case of Frommer’s 
reagent, where a feeble positive response was obtained. 

Thus acetone probably arises as a decomposition product of methylfurfur- 
aldehyde, but the quantity produced is extremely small compared with that 
formed by distillation of rhamnose. 

Further experiments have demonstrated that acetone in 13-15% hydro- 
chlorie acid reacts with bromine and also yields a condensation product with 
2:4-dinitrophenylhydrazine. No precipitate is furnished with barbituric acid, 
thiobarbituric acid or phloroglucinol. 

These experiments would appear to indicate acetone as the principal, if not 
the sole, cause of the high apparent recoveries recorded in Tables X and XI by 
methods involving bromine absorption and precipitation with 2:4-dinitrophenyl- 
hydrazine. The presence of acetone, however, hardly accounts for the smaller 
divergencies observed in the case of the first three precipitants. The solubilities 
of the condensation products with phloroglucinol and barbituric acid appear to 
be affected to different degrees by the presence of acetone, whereas that of the 
thiobarbituric acid product appears to be quite unaffected. 


SUMMARY 


1. The distillation method of Ellett & Tollens for rhamnose determination 
is found to be unsatisfactory, as also the steam-distiliation procedure of Pervier 
& Gortner. 

2. Satisfactory results are obtained by a slight modification of Kullgren 


& Tyden’s method, employing excess of salt to stabilize the acid concen- 
tration. 
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3. Methods for determination of the distilled methylfurfuraldehyde are 
reviewed; amongst precipitants, phloroglucinol and thiobarbituric acid appear 
to be satisfactory. 

4. Titrimetric methods are only satisfactory if the results are calculated 
from a predetermined graph, since the relation between bromine and methyl- 
furfuraldehyde varies with the experimental conditions. 

5. Titrimetric methods and precipitation by 2:4-dinitrophenylhydrazine give 
appreciably higher results than precipitation by phloroglucinol and barbituric 
and thiobarbituric acids. This is due to the presence of acetone which is derived 
from rhamnose, and to a less extent from methylfurfuraldehyde, in the distil- 
lation process. 
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CLXIII. SPECTROGRAPHIC IDENTIFICATION OF 
NICOTINIC ACID IN STAPHYLOCOCCUS AUREUS 
GROWTH FACTOR CONCENTRATES 


By ENSOR ROSLYN HOLIDAY! 
From the Research Laboratories, The London Hospital, E. 1 


(Received 22 June 1937) 


In a recent number of this Journal [Knight, 1937], it was mentioned that 
spectrographic evidence made it highly probable that one of the factors neces- 
sary for the growth of S. aureus on artificial media, which was present in 
concentrates from autolysed yeast, was nicotinic acid. The following is an 
account of the experimental evidence for this. 

Knight had shown that nicotinamide was as potent, if not more so, than 
nicotinic acid and that the methyl ester of nicotinic acid showed delayed 
activity. It was therefore of interest to know whether, in the “high vacuum 
distillate” [v. Knight, 1937], nicotinic acid were present as the free acid or com- 
bined. For this reason the absorption spectrum of the high vacuum distillate 
(H.V.D.) was compared with those of nicotinic acid, nicotinamide, pyridine 3- 
nitrile and pyridine. 

The problem of identifying compounds in concentrates of biological origin is 
often made difficult by the fact that the absorption curves of the components 
overlap to a considerable extent. It is impossible in most cases to analyse the 
absorption curve of the mixture into those of its components. An estimate may 
sometimes be made when the absorption of one component preponderates, other- 
wise use must be made of other absorbing properties (see below). In the case of 
compounds containing a benzenoid nucleus it is more or less easy, depending upon 
the particular compound and the method of determination used, to detect 
irregularities in the contour of the absorption curves—so-called fine structure 
bands. These irregularities may not be sufficiently pronounced to appear as 
separate bands and they may be difficult to locate by the usual methods. This 
detailed structure may be of great value for characterizing a compound. Methods 
for detecting it [Feraud et al. 1935; Coulter et al. 1936; Lavin & Stanley, 1937; 
Holiday, 1937] depend on visual examination of a spectrogram obtained by 
exposing the plate of a spectrograph to the light of a continuous source through 
the absorbing solution. The eye being extremely sensitive to variation in 
density gradient, the detailed structure of the absorption band is apparent on the 
plate. The accuracy and sensitivity of the method depend on various factors 
which have already been discussed [Holiday, 1937]. Under properly chosen con- 
ditions variations of plate density easily detectable visually would be unregistered 
by a sensitive photoelectric densitometer. 

It can be simply shown that the wave-length position of the minor bands as 
determined by these methods does not correspond exactly with the point of 
smallest rate of change of plate density. The effect is to move the minor bands 
towards the region of lesser absorption of the main band. On the short wave- 
length side of the main band they will be moved to shorter wave-lengths and on 
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the long wave side to longer wave-lengths. The extent of this apparent shift 
depends on the width of the band and on how well differentiated it is. The shift 
cannot exceed the width of band and is rarely more than 5 A. 


EXPERIMENTAL 


For the determination of extinction coefficients a Hilger E 316 spectrograph 
and Spekker photometer with condensed spark between tungsten steel electrodes 
were used. The method previously described [Holiday, 1937] was used for deter- 
mining the detailed structure of the absorption spectra. 

Pyridine was purified over the oxalate according to Whitford [1925]. 

Nicotinic acid was prepared by nitric acid oxidation of nicotine and fraction- 
ally recrystallized three times; M.P. 133° (uncorr.). 

Nicotinamide was prepared according to Engler [1894] from the above 
nicotinic acid and recrystallized several times from benzene; M.P. 125° (uncorr.). 
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Fig. 1. Molecular extinction coefficients of pyridine, nicotinic acid, nicotinamide and pyridine 
3-nitrile, and Z/c values for growth factor concentrate of Knight (c=g. per 100 ml.). —— in 
N/10 NaOH; --------- in V/10 HCl. 


Pyridine 3-nitrile was prepared by Dr H. King by sulphonation of pyridine 
and conversion into the nitrile. 
High vacuum distillate (H.v.D.) is that mentioned by Knight [1937]. 
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In Fig. 1 are given the absorption curves of pyridine, nicotinic acid, nicotin- 
amide, pyridine 3-nitrile and the high-vacuum distillate of Knight. These were 
all examined in N/10 HCl and N/10 NaOH in order that the pH of the solutions 
should be removed more than 2 units from any of the pK values of the com- 
pounds. This makes sure that the absorption curve represents that of a single 
substance and not of a mixture of ionized and unionized molecules. In Table I are 


Table I. Wave-lengths in A. units of fine structure bands in N/10 NaOH 


and N/10 HCl. 
Pyridine NaOH 2455 — 2505 — 2565 -— 2625 — — 
HCl 2460 — 2500 — 2562 — 2624 — — 
Nicotinic acid NaOH — 2485 — 2560 — _ 2625 2695 
HCl — 2483 — 2545 — 2607 — 2672 — 
Nicotinamide NaOH -- — — 2550 — 2615 — 2680 
HCl — —- — 2545 - 2613 — 2680 
Pyridine 3- NaOH 2455 — 2508 — 2568 — 2625 — 2705 
nitrile HCl — — 72508 — 2571 — 2642 — 2710 
H.V.D. NaOH — 2487 _— 2560 — — 2625 - 2700 
HCl — 2485 — 2542 — 2605 — 2672 — 
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Fig. 2. Wave-lengths of subsidiary bands. Long strokes indicate position in V/10 HCl, 
short strokes in V/10 NaOH. 


given the positions of the fine structure bands of the four compounds and of H.Vv.D., 
as determined by the second method mentioned above. These are reproduced in 
Fig. 2. 

Discussion 

From Fig. 2 it can be seen that the number and position of these fine structure 
bands are characteristic for each compound. Further it is comparatively easy to 
recognize nicotinic acid in the concentrate by this method, whereas it could 
hardly be ascertained from a study of the absorption curves. 

The spectrum of the vacuum distillate differs markedly from those of pyridine 
and pyridine 3-nitrile. In alkaline solution it resembles those of both nicotinic 
acid and nicotinamide except that with the latter the short wave band appears 
to be missing. As this band is not a strong one, too much reliance should not be 
placed upon its absence. In acid solution, however, the spectrum of the vacuum 
distillate is similar only to that of the nicotinic acid. A shift of the two long wave 
bands occurs in the spectra of nicotinic acid and the vacuum distillate with 
change from acid to alkaline reaction, but not in that of the nicotinamide. This 
shift probably corresponds to ionization of the COOH of the nicotinic acid. One 
can conclude therefore that nicotinic acid is a highly probable component of the 
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vacuum distillate. Having identified it in this way it is possible to obtain more 
information from the absorption curves shown in the figure. 

_From these curves it can be shown that #\“!s, at 263 my in N/10 NaOH for the 
vacuum distillate =60, and for nicotinic acid 2715. If we assume that the whole 
of the absorption at 263 my of the vacuum distillate is due to nicotinic acid, then 


: ‘ ib hese eas ee . 60 
the maximum possible content of nicotinic acid in the distillate is 57.=2:2%.- 


It is possible, however, to arrive at a more accurate estimate by comparing the 
increase of extinction coefficient occurring on acidifying alkaline solutions of the 
distillate and of nicotinic acid. Calling this increase AF it is found that AZ};!° 
for the distillate=20 and for nicotinic acid= 1358, giving a concentration of 
nicotinic acid in the distillate of 1-47°%. The assumption has been made for 
these calculations that the nicotinic acid exists free in the distillate or in such a 
combination as will not interfere in any way with its characteristic absorption. 
The latter condition is ruled out, for it has been shown above that even the amide 
linkage alters the character of the absorption and it is certain that linkage with 
the ring would do so in a more marked manner. 


SUMMARY 


1. The absorption spectrum of a S. aureus growth factor concentrate has 
been measured in V/10 HCland N/10 NaOH and compared with those of pyridine, 
pyridine 3-nitrile, nicotinic acid and nicotinamide under similar conditions by 
two methods. 

2. From the positions of the fine structure bands the presence of nicotinic 
acid in the concentrate has been deduced. 

3. From the increase in extinction coefficient of the absorption of the con- 
centrate on acidifying an alkaline solution of it as compared with the increase for 
a pure solution of nicotinic acid, the amount of nicotinic acid in the concentrate 
has been estimated as 1-47%. 


The author is grateful to Mr Knight for the samples of nicotinic acid, 
nicotinamide, pyridine-3-nitrile and H.v.D. 
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CLXIV. STUDIES ON MELANINS 
I. PHOTOSYNTHETIC MELANINS 


By MONA SPIEGEL-ADOLF 


From the Department of Colloid Chemistry, D. J. McCarthy Foundation, 
Temple University, School of Medicine, Philadelphia, Pa. 


(Received 22 June 1937) 


Dark pigmentations occur in the human and animal body, both under normal 
and pathological conditions. Nevertheless, there are still discrepancies as to the 
origin and the chemical nature of the dark pigments, the so-called melanins 
[Pincussen, 1930]. In order to elucidate some of these problems, the experiments 
to be reported here were started. 

In the course of studies on the influence of short-wave light on proteins, there 
was ample opportunity to observe a change of colour in the irradiated substances 
[Spiegel-Adolf, 1927] which has been previously reported by other authors 
[Stedman & Mendel, 1926]. These colour changes were missed in gelatin, were much 
more spectacular when the irradiation was made on some aromatic amino-acids 
(phenylalanine, tyrosine, tryptophan) and were completely absent from aliphatic 
amino-acids [Spiegel-Adolf, 1934]. Lieben [1927] has described the dark products 
in irradiated tyrosine and tryptophan solutions as melanoidins, a name used 
originally by Schmiedeberg [1897] for dark products appearing in albuminoids 
upon hydrolysis by acids. Their difference from true melanins according to 
Maillard [1912-13] consists in the fact that only the latter are derivatives of 
aromatic amino-acids. Nevertheless Fiirth & Lieben [1921] have designated 
hydrolysis products of tryptophan as melanoids. Other authors stress the fact 
that melanoidins are melanin-like substances of greater solubility. 

In order to investigate the formation of melanin-like substances under as 
simple conditions as possible, solutions of phenylalanine, tyrosine and tryptophan 
were exposed to ultraviolet light, and the optimum conditions of melanin forma- 
tion and some of the properties of the dark-coloured products were studied. No 
attempts have been made in this paper to distinguish between the primary effect 
of radiation and secondary chemical processes, e.g. the formation of hydrogen 
peroxide, though Pincussen [1930] discusses the possibility that H,O, formed by 
irradiation accelerates the formation of melanin. 

In preliminary experiments the influence of bright daylight on the three 
amino-acids was studied. The experiments were done in Miami, Florida, 263° 
north latitude, from the end of December to the beginning of January on a 
window-sill on a sixth floor having an unobstructed east exposure. The solutions 
of the three amino-acids (l-tyrosine, /-tryptophan and dl-8-phenylalanine, 
Eastman Kodak) were equimolar (0-0276 M), and in order to overcome the 
different solubilities, the same amount of NaOH (0-04 N final concentration) 
had been added. 5 ml. of each solution were irradiated in glass dishes of 4 cm. 
diameter covered with a glass plate. It had been ascertained before that the glass 
plate cut out the radiation below 290 my. After 6 days of bright sunshine the 
tyrosine and the tryptophan were markedly though differently coloured, the 
former being more brownish, the latter more greenish yellow. The tyrosine took 
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a shorter time to reach the final colour intensity. The phenylalanine solution was 
apparently unchanged. These results were not modified in a second series of 
experiments, in which chlorophyll (final dilution 12,500-fold) and eosin (0-0001 g.) 
had been added to the original phenylalanine solution, or in which this solution 
had been diluted ten times. Lieben [1927] had been unable to trace colour changes 
in alkaline tyrosine and tryptophan solutions exposed to daylight without addi- 
tion of sensitizers. This discrepancy can be explained by the fact that a longer 
exposure in a southern latitude was used. The results could be reduplicated in 
Philadelphia. 

The fact that tyrosine and tryptophan react in visible light, whilst phenyl- 
alanine does not show any response, could be confirmed by other experiments. 
Samples of the three aromatic amino-acids covered by the tested glass plate were 
irradiated for 1 hr. at 15 em. distance by a quartz mercury are lamp (Hanovia, 
220 V, D.c.). While the tyrosine and tryptophan solutions became dark brown, 
the neutral and alkaline phenylalanine solutions remained unchanged. These 
results show that tyrosine and tryptophan are sensitive both to visible and to 
ultraviolet light, whilst phenylalanine does not show any colour change under the 
influence of visible light. 

Only a few qualitative experiments were made in order to see whether dark 
heat radiation exerts any influence on the production of melanin-like products in 
the aromatic amino-acids. An inverted crucible furnace on a tripod served as 
radiation source ; the fluids were placed under the furnace opening, heated to dull 
red, at 22-5 cm. and at 12 em. distance for 24 hr. The results were completely 
negative as to visible colour formation, nor did the spectrograph show any 
changes of the absorption spectra of the irradiated solutions. It has been shown 
previously that heating up to 100° does not markedly affect a tyrosine solution 
[Lieben, 1927]. 

The irradiation experiments were, therefore, limited to the use of ultraviolet 
light. As source of light, the above-mentioned quartz mercury vapour arc lamp 
was used. The fluids were placed in dishes of 50 sq. cm.; the thickness of the 
layer was 0-5 cm. The dishes were covered with a quartz plate. The distance 
from the source of light was 15 cm. The evaporation, even after an irradiation 
of several hours, was practically negligible. 

The former observations on the formation of melanin-like products in 
alkaline tyrosine and tryptophan solutions agree with the findings of Lieben. 
But contrary to our results, Lieben could not detect similar changes in alkaline 
phenylalanine solutions. Similarly Harris [1926] missed any uptake of oxygen 
by phenylalanine on irradiation. On the other hand, the requirements for oxida- 
tion with colour formation are aromatic compounds of phenolic structure 
(Pincussen). Experiments were started in order to elucidate these discrepancies. 
Lieben [1927] reports successful melanin formation in alkaline solutions of 
tyrosine and tryptophan, and seems to have tested phenylalanine under the 
same conditions only. For our former experiments on phenylalanine, neutral 
solutions were used. Experiments were therefore started in which the pH of the 
neutral phenylalanine solution (cH =4-37.10-’) was varied either by addition 
of HCl or NaOH of 0-02-0-04 N final concentration. 

The results show that, unlike tyrosine and tryptophan, alkaline solutions of 
which show the most marked black-brown colouring, phenylalanine becomes 
black-brown only on irradiation in neutral solution. Upon irradiation of 
phenylalanine, a smiell becomes perceptible, which is entirely different from 
that observed with irradiated proteins. It is similar to that which develops in 
phenylalanine when heated with sulphuric acid containing potassium dichromate, 
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and which is attributed to the formation of phenylacetaldehyde [Hoppe-Seyler, 
1924]. The alkaline and the acid solutions show a more yellow or reddish hue. 
This may account for the fact that melanin formation in phenylalanine, upon 
irradiation, has been missed when working on alkaline solutions. The findings 
of Lieben can be confirmed in so far that the melanin formation in tyrosine 
and tryptophan is much weaker in acid and neutral than in alkaline solutions. 

In order to isolate the melanin-like substances, the following procedures were 
used : tyrosine and tryptophan were both irradiated in alkaline solutions (0-04 V 
NaOH) containing 0-5% tyrosine and 0-54% tryptophan respectively. Whilst 
with proteins the effect of ultraviolet irradiation becomes more marked in solu- 
tions of lower concentration, no similar behaviour was noticeable with these two 
amino-acids. This can be explained by the fact that they are also sensitive to 
other wave-lengths of light, than those corresponding to their own chief absorp- 
tion bands, as has been shown above. But the irradiation was interrupted after 
1 hr., as the colour of the fluid was then dark brown, and would certainly act 
effectively as a screen against further irradiation. The dark substances formed 
through irradiation were precipitated by neutralization with HCl and removed 
by centrifuging. The supernatant yellow-coloured fluid was made alkaline and 
again submitted to irradiation. This procedure was repeated twenty times, and 
all the precipitates were collected, each in one centrifuge tube. The last super- 
natant fluids still contained traceable amounts of amino-acids. The precipitates 
were repeatedly suspended in 10 ml. of dilute 0-01 N HCl and centrifuged. 
This was repeated until the last supernatant fluids did not show an appreciable 
absorption power on the fluorescent screen of the quartz spectrograph, and until 
the reactions of Millon and Hopkins-Cole, respectively, had completely dis- 
appeared. The precipitates were then evaporated to dryness on a water-bath 
and finally dried in a desiccator. The products were black-brown, practically 
insoluble in water and weak acids, but easily soluble in weak alkalis. From these 
solutions, they were precipitated by neutralization. 

Isolation of the melanin-like products from irradiated phenylalanine solu- 
tions meets with the difficulty that acidification did not cause a satisfactory 
precipitation. Neither did absorption with aluminium hydroxide in statu 
nascendi [Eisler & Spiegel-Adolf, 1929] prove to be helpful. The only way that 
could be found was precipitation by neutral salt saturation. Precipitation of the 
melanin-like product starts at one-third saturation with ammonium sulphate 
and increases until complete saturation is reached. According to findings with 
proteins, the presence of neutral salts does not interfere with the effectiveness of 
irradiation [Spiegel-Adolf, 1927]. The 0-75°% phenylalanine solutions were 
irradiated, therefore, as were the other amino-acids, and ammonium sulphate in 
substance, enough to cause complete saturation, was added. The precipitate was 
removed by centrifuging. This procedure was repeated twenty times without 
exhausting the phenylalanine content of the fluid. The black-brown precipitates 
were collected in a centrifuge tube. Finally, they were suspended in water and 
dialysed for 2 days against running tap water. This solution was intensely 
coloured. Nevertheless, no coloured matter permeated through the parchment 
membrane, indicating the colloidal state of the phenylalanine melanin in neutral 
solution. These findings were corroborated by investigations of the Tyndall 
phenomenon, which was positive in all solutions of the products here described. 
To rid melanin solutions of all salts, they were electrodialysed, carefully 
avoiding any heating of the middle cell, until the supernatant fluid showed no 
appreciable electrical conductivity. Spectrographically, no traces of phenyl- 
alanine were detectable. The precipitate was dried on the water-bath and kept 
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in a desiccator. These melanin-like products are black-brown, practically in- 
soluble in water or acids, soluble in weak alkalis. The original water-solubility 
may have been due to the presence of other substances, or has been lost in the 
process of purification, indicating that classification according to solubility is only 
of relative value [Spiegel-Adolf, 1930]. 

The three melanin-like products were tested as to their solubility in alcohol, 
since solubility in an organic medium would facilitate some type of investiga- 
tions. Only the melanin-like product made from tryptophan was soluble to a 
certain extent in absolute alcohol; according to colorimetric determinations, a 
saturated solution contains approximately 0-04% tryptophan-melanin. Such a 
solution is completely clear, but nevertheless gives a strong Tyndall phenomenon, 
indicating that in alcohol tryptophan-melanin is present in colloidal solution. 
This finding agrees with a statement of Bloch & Schaaf [1926] according to which 
the solubility of synthetic melanin in absolute alcohol is 1 : 3000 approximately. 
The analogous solubility of tyrosine-melanin is lower, approximately 1 : 6000, 
and the sol. vility of phenylalanine-melanin in absolute alcohol is practically nil. 
These findings therefore afford additional evidence that differences exits between 
the melanin-like products. 

Lieben has claimed that differences exist between the irradiation products 
from tyrosine and tryptophan based on the observation that only tyrosine- 
melanins are destroyed by hydrogen peroxide and not the analogous products 
from tryptophan. Experiments made in this direction showed that only 
quantitative differences exist. All three melanin-like products are entirely 
bleached by H,O,. But while it required only 5 hr. for 10 drops of Superoxol 
(Merck) to destroy the colour of 2 ml. of 0-02% tyrosine- or phenylalanine- 
melanin in 0-032 N KOH, 24 hr. were required to reach the same effect in the 
analogous solution of tryptophan-melanin. But it must be remembered that 
the tryptophan-melanin solutions were from the beginning darker than the other 
solutions. The process of bleaching by hydrogen peroxide, which is accompanied 
by a nearly complete loss of absorptive power in the short-wave spectrum, is not 
reversible upon renewed irradiation. The colourless solutions nevertheless show 
a strong Tyndall phenomenon. 

In a further series of investigations, evidence was sought as to the identity or 
difference of these melanin-like substances. Florence et al. [1935] made extensive 
ultraspectrographic studies of genuine and synthetic melanins. They showed 
that though melanins resemble each other there are nevertheless distinct dif- 
ferences. In order to elucidate this problem quantitatively, ultraspectrographic 
studies were made on the three melanin-like substances. A small Hilger quartz 
spectrograph with internal wave-length scale, and a self-made sectorphotometer, 
with two rotating sectors, one of which was adjustable, were used for this 
purpose. The sector was driven at a speed permitting 120 rotations in a minute. 
The source of light was provided by an arc lamp using Eveready Therapeutic C 
Carbons (containing iron, nickel, aluminium and silicon). Eastman Kodak 
lantern-plates (slow) were used. The exposure varied from 3 to 10sec. The 
adjustable sector was divided into 100 equal parts. As fourteen double exposures 
could be photographed on one plate, the first and last being used as controls, 
twelve different positions of the sectorphotometer could be utilized. Always the 
same positions were used, the logarithms of which were equidistant. As this 
means that, especially for the higher values, the adjustment of the sector 
becomes more easily subject to error, a special device was used which auto- 
matically guaranteed always the same adjustment for the last five positions of 
the sector. 
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The examination of the plates was made on a viewing box, with a low- 
powered magnifying glass. As the molecular weight of the melanin-like sub- 
stances is unknown, the percentage extinction coefficient [Weigert, 1927] was 
I, 
I, 
intensity of light passing through solvent; J,=intensity of light passing through 
solution). For the graphic determination lg Z was used. 0-01% solutions of 
tyrosin, tryptophan- and phenylalanine-melanins in 0-016 N KOH in a tube of 
5 mm. thickness were used. 

At the chosen concentration, only three coinciding wave-lengths could be 
found on the tyrosine-melanin spectrogram. Therefore a 20 mm. tube was used 
for the determinations of the extinction coefficients at longer wave-lengths, the 
law of Lambert having been proved to be generally valid for hydrophobic colloids 
[Lange, 1928]. The wave-lengths at which coincidence was found and lg F are 
graphically presented in Fig. 1. The data together with other measurements, 
are contained in Tables J-ITI. 


computed, H= “lg (c=concentration %; d=thickness of fluid layer; J,= 
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Fig. 1. I refers to tryptophan-melanin. II refers to phenylalanine-melanin. 
III refers to tyrosine-melanin. 


The graphic presentation shows that there is a marked similarity in the 
shape of the absorption curves of the three products. No traces of the spectra of 
the basic amino-acids are left. The slope of the curves is similar to that observed 
in melanins by Florence et al. [1935]. Nevertheless, there is quantitatively a 
difference between the absorption values of our products. Tryptophan-melanin 
shows the highest values, tyrosine-melanin the lowest. The derivative of phenyl- 
alanine comes between these two. These findings agree with the above-men- 
tioned observations and show that the derivative of phenylalanine has an 
individuality of its own. The reasons for these differences can be of different 
nature, either a chemical difference, or a different degree of polymerization. The 
similar trend of the extinction curves seems suggestive of the latter. Neverthe- 
less, further experiments are under way to study this problem. 

Ultraspectrographic findings can only be used for a further analysis of a 
substance, when the validity of the law of Beer-Lambert has been proved, i.e 
when the extinction coefficients are independent of the concentration of the 
solution and of the length of its layer (Weigert). Recent investigations of 
Griebnau et al. [1936] have shown that this is also true for hydrophobic colloids. 
Still, in our case, the presence of strong electrolytes may lead to some complica- 
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tions. Experiments were therefore started in which the concentration of the 
fluid and the thickness of the layer were varied. For tyrosine-melanin concen- 
trations of 0-005-0-02%, for phenylalanine-melanin of 0-0025-0-01%, for 


Table I. T'yrosine-melanin 


> A of coin- 
0 is cidence 
1% ley B= 7, lg EB mu } 
Plate 5. c=0-01%; d=2 cm. 
31 0-50000 25-000 1-39794 395 : 
22 0-66667 33-3333 1-52288 385 
15 0-83333 41-6667 1-61989 364 
10 1 50-0000 1-69897 350 } 
7 1-16667 58-3333 1-76593 329 
5 1-33333 66-6667 1-82390 315 
3 1-50000 75-0000 1-87506 290 
Plate 13. c=0-01%; d=0-5 cm. 
46 0-33333 66-66667 1-82391 304 
31 0-50000 100 2 259 
22 0-66667 133-3334 2-12794 240 
Plate 15. c=0-02%; d=0-5 cm. ‘ 
31 0-50000 50 1-69897 380 | 
22 0-66667 66-66667 1-82391 345 j 
15 0-83333 83-33333 1-92082 314 
10 1 100 2-00000 290 
7 1-16667 116-6667 2-06694 265 i 
5 1-33333 133-3333 2-12493 251 ; 
Plate 16. c=0-005%; d=2-0 cm. | 
31 0-50000 50 1-69897 380 
22 0-66667 66-66667 1-82391 345 } 
15 0-83333 83-3333 1-92082 315 
10 ] 100 2-00000 290 
7 1-16667 116-66667 2-06694 265 | 
5 1-33333 133-3333 2-12493 259 
Table II. Phenylalanine-melanin 
I 11 A of coin- 
op 40 »_ + 1, fo cidence 
1,% sy, P= <a*T, Ig E my 
Plate 17. c=0-02%; d=0-5 cm. 
22 0-66667 66-6667 1-82391 385 \ 
15 0-83333 83-333 1-92082 360 
10 1 100 2-00 323 
7 1-16667 116-667 2-06694 310 | 
5 1-33333 133-33 2-12493 290 
3 1-50000 150-00 2-17609 276 
Plate 18. c=0-005%; d=0-5 cm. 
22 0-66667 66-6667 1-82391 385 
15 0-83333 83-337 1-92082 360 
10 1 100 2-00 323 
7 1-16667 116-667 2-06694 310 
5 1-33333 133-33 2-12493 290 
3 1-50000 150-00 2-17609 276 
Plate 19-21. c=0-01%; d=0-5 cm. 
46 0-33333 66-66667 1-82391 380 
31 0-50000 100 2 324 
22 0-66667 133-3334 2-12494 290 
15 0-83333 166-6666 2-22183 265 
Plate 20. ¢=0-0025%; d=2-0 cm. | 
46 0-33333 66-66667 1-82391 380 
> 31 0-50000 100 2 324 
22 0-66667 133-333 2-12494 289 
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Table II. T'ryptophan-melanin 


A of coin- 
Ig I, Bu 2 Ig Io cidence 
5% . ca“ I, lg E mp 
Plate 6. c=0-01%; d=20 cm. 
31 0-50000 100 2-000 355 
22 0-66667 133-33334 2-12494 314 
15 0-83333 166-66667 2-22183 293 
10 1 200 2-30103 275 
7 1-16667 233-33333 2-36799 265 
5 1-33333 266-66667 2-42596 257 
3 1-50000 300-00000 2-47712 250 
Plate 8. c=0-0025%; d=2 cm. 
31 0-5000 100 2 360 
22 0-66667 133-33334 2-12494 320 
15 0-83333 166-66667 2-22183 300 
10 1 200 2-30103 282 
7 1-16667 233-3333 2-36799 273 
5 1-33333 266-66667 2-42596 257 
3 1-500 300 2-47712 251 


tryptophan-melanin of 0-0025-0-01% were used. The dilutions were made with 
water. The KOH-melanin ratio was the same in all samples. The two pairs of 
tubes available had lengths of 5 and 20mm. respectively. The results are 
summarized in Tables I-III. 

From the figures of Tables I-III graphs were made by plotting the logarithms 
of the extinction coefficients against the wave-lengths at which coincidences were 
observed. By interpolation lg H was determined at three different wave-lengths 
from the single graphs. These values are recorded in Table IV. 


Table IV 
Plate A=250 A=300 A=350 

no. lg £ lg E lg E 

Tyrosine-melanin 5 — 1-845 1-70 
13 2-045 1-845 1-70 

15 2-12 1-96 1-79 

16 2-12 1-96 1-79 

Phenylalanine- 17 — 2-08 1-91 
melanin 18 = 2-08 1-91 
20 — 2-065 1-90 

21 — 2-065 1-90 

Tryptophan- 6 2-48 2-18 2-01 
melanin 8 2-48 2-21 2-02 


The figures show that, within the investigated concentrations, the extinction 
coefficients are practically independent of the concentration and of the thickness 
of the layer, indicating the validity of the law of Beer-Lambert. The only 
exception seems to be the behaviour of tyrosine-melanin. The extinction 
coefficients of Pls. 5 and 13 and the values from Pls. 15 and 16 agree with each 
other, but the values determined from these two sets are not identical. Whilst in 
all other samples the concentration has been determined by gravimetric methods, 
the concentration used in Pls. 15 and 16 has been reached by concentrating a 
more diluted solution, using volumetric determinations only. The validity of the 
law of Beer within a certain range of concentrations suggests that the solution 
under investigation is, under these conditions, stable from a colloid-chemical 
point of view [Lange, 1928]. This may be helpful for a later evaluation of the 
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extinction graphs, in comparing the influence of physical conditions and chemical 
structure. 

_ Only a few conclusions can be drawn as to the chemical import of these 
findings. Evidence has been given that, without the action of a ferment, by 
action of light alone on watery solutions, melanin-like substances can be formed 
from aromatic amino-acids. The fact that phenylalanine too can be a source of 
melanins, points to the importance of the phenol ring. Though decarboxylation 
probably occurs in all cases, and the aliphatic group is the same, some of the 
original differences are still manifest in the final products. The solutions of the 
melanin-like substances are colloids, indicating polymerization. The name of 
photosynthetic melanins is suggested for the irradiation products here described. 


SUMMARY 


i. Conditions necessary for the formation of melanin-like derivatives of 
aromatic amino-acids by irradiation with short-wave light are described. These 
products are called photosynthetic melanins. 

2. Not only tyrosine and tryptophan, but phenylalanine as well can be the 
source of photosynthetic melanins. 

3. The products were isolated and purified. They show slight differences in 
solubility, in their reactions with hydrogen peroxide and in their optical 
absorption. 

4. The extinction coefficients fall in the sequence tryptophan-, phenyl- 
alanine-, tyrosine-melanin. 

5. It is shown that for the absorptive power of melanin solutions, within a 
certain range of concentrations, the law of Beer-Lambert is valid. 


The author is grateful to the National Research Council, Committee on 
Radiation, for a grant, which made these investigations possible. She also wishes 
to express her indebtedness to Dr R. H. Peckham for his help in constructing the 
sectorphotometer. 
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CLXV. THE ADAPTABILITY OF GLUCOZYMASE 
AND GALACTOZYMASE IN BACTERIUM COLI 


By MARJORY STEPHENSON anp ERNEST FREDERICK GALE 
From the Biochemical Laboratory, Cambridge 


(Received 24 June 1937) 


Ir has previously been shown that, in the case of S. cerevisiae galactozymase is 
an adaptive enzyme, i.e. that its formation depends on an adaptation of the cell 
due to the presence of the substrate and that this adaptation is independent of 
cell multiplication and is inhibited by glucose [Stephenson & Yudkin, 1936]. 
The present paper is concerned with a similar study with Bact. coli.1 


Technique 


The organism was grown for 18-20 hr. in varying conditions; the crop was 
centrifuged and washed twice and made up so as to contain 1-2 mg. dry weight 
of bacteria per ml.; the concentration of the cell 
suspension was determined either by a micro- 
Kjeldahl estimation of nitrogen or (more con- 
veniently) by a photo-electric turbidimeter [Clifton 
et al. 1935], calibrated for the organism used. 

It is not possible to use a manometric estima- 
tion for glycolysis because gas evolution by Bact. 
coli varies with growth conditions independently 
of glycolysis; we therefore measured glycolysis 
directly by the method of Hagedorn & Jensen as 
this permits of estimations of 0-4-0-1 mg. The 
details and necessary data for the use of this 
method with galactose have already been published 
by one of us [Gale, 1937]. For each determina- 
tion 1 ml. buffer M/10 pH 6-24, 1 ml. 3/500 
glucose or galactose and 1 ml. of bacterial suspen- 
sion (1-2 mg. dry wt./ml.) were incubated together 
anaerobically and 0-5 ml. wasremoved for estimation 
according to the method mentioned. The results 
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90 min. when the Qgiucose is 660 and the organism is 
1-0 mg./ml.; at higher values of Qgiucose it is necessary to dilute the organism. 
The broth used is a tryptic digest of casein of 1 mg. N/ml., pH 7-2. 
1 A preliminary paper on this subject was communicated to the Second International Congress 
of Microbiology by Stephenson & Lutwak-Mann. 
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The influence of the growth medium on glucozymase 


Fig. 2 shows that glucozymase is not a strictly adaptive enzyme since it 
occurs in cells grown in the absence of glucose ; its activity is, however, favourably 
influenced by two factors, anaerobiosis and the presence of hexose in the 
medium. Anaerobic conditions in the absence of glucose raise the Qgiucose from 
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Fig. 2. Fig. 3. 
Figs. 2 and 3. Growth media: 1, Broth agar. 2, Broth agar+1% glucose. 3, Broth anaerobic. 


4, ‘Broth anaer. +1% glucose. 5, Broth anaer. + 1%'galactose. 6, Lactate inorganic aerobic. 
7, Broth anaer.+1% glucose and galactose. 


250 to 600, the addition of 1% of either glucose or galactose approximately 
doubles the latter figure. Fig. 3 gives a corresponding figure for galactozymase. 
Here we have a very low but definitely appreciable fermentation by organisms 
grown on plain broth or on glucose broth (Qgatactose = 12 and 30). The presence 


of 1% galactose raises this to 510. In the case of S. cerevisiae it was found that 


1 In many cases the value found was less on glucose broth than on plain broth so the differ- 
ences are not significant. 
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an organism adapted to galactose lost its galactozymase as a result of fermenting 
glucose. Probably this has its analogy in the case of Bact. coli in the action of 
glucose in suppressing the action of galactose in the growth medium (Fig. 3 


(7), Qgalactose = 75). 


Relation of galactozymase formation to growth 


In the case of S. cerevisiae it was found that the organism grown in the 
presence of glucose could acquire galactozymase by incubation in the presence 
of galactose in buffer without cell proliferation; we searched for evidence of the 
same phenomenon in Bact. coli. 

Exp. 1, The organism was grown 20 hr. in plain broth in a flask (semi- 
aerobically); the organism was washed and resuspended in 1% galactose in 
buffer at pH 7-0. At intervals samples were removed, the cells spun out and 
washed and the Qgalactose measured ; a control experiment was done in which the 
cells were incubated in buffer without galactose. No appreciable increase in 
galactozymase in the cells incubated with buffer and galactose over those incu- 
bated in buffer alone was found in the following intervals; 30 and 60 min., 20 and 
40 hr.: 

We next attempted to find out whether, if galactose were added to cells 
already grown in plain broth, the enzyme would then appear and whether, if so, 
its appearance would be accompanied by cell proliferation. 

Exp. 2. The organism was grown for 20 hr. on 1600 ml. broth in a flask; 16 g. 
sterile galactose in 100 ml. water were then added and 200 ml. withdrawn (with 
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Fig. 4. 


sterile precautions) at intervals for estimations of Qeatactose and for estimation 
of bacteria with the turbidimeter. The results are given in Tables I and II and 


Fig. 4. 
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Table I 
Hours after 
addition of Cells Increase in cells Increase in 
galactose mg./ml. mg./ml. Coin O sinstaes 
0 0-104 0-000 24 0 
1 0-125 0-021 100 76 
3 0-132 0-028 126 102 
4 0-143 0-039 180 156 
Table IT 
Time Total cells Old cells New cells Increase in 
hr. % % % Q galactose Q salactose 
0 100 100 0 24 0 
1 100 83 16-8 100 76 
3 100 78-4 21-6 126 102 
4 100 72-8 27-4 180 156 


There is thus no evidence for the adaptation of non-proliferating cells even in 
broth but strong evidence for supposing that the increase in galactozymase is 
due to the increasing proportion of new cells which have grown in the presence 
of galactose. We next tried to show whether (as in the case of S. cerevisiae) 
organisms which were adapted to ferment galactose lost this adaptation as a 
result of fermenting glucose. 

Exp. 3. The organism was grown on galactose broth for 20 hr., centrifuged, 
washed and resuspended in buffer + 1% glucose and incubated at 40°; a control 
was done in buffer without glucose: 


Initial Q galactose 540 


After 3 hr. incubation with 1% glucose 570 
After 3 hr. incubation with 1% buffer 500 


With a more prolonged experiment glucozymase and galactozymase fell off at 
approximately the same rate in the presence of glucose and of plain buffer. 


Table III 
Rate of fermentation (mg./hr.) 
Glucose Galactose 
Initial 0-70 0-44 
After 6 hr. in buffer +1% glucose 0-096 0-104 
6 only 0-107 0-088 
ssa = +1% glucose 0-056 0-063 
22 rs only 0-059 0-056 


There is thus no more destruction of galactozymase on incubating with glucose 
than on incubating with plain buffer. 


SUMMARY 


Washed suspensions of Bact. coli ferment glucose at a rate which varies 
greatly according to the conditions in which the organism is grown. The rate 
of glycolysis (Q giucose) is approximately doubled by changing from highly aerobic 
to anaerobic growth conditions. An increase of similar magnitude is obtained by 
adding glucose 1 % (or galactose 1%) to the growth medium. Galactose is fer- 
mented at an extremely low rate as compared with glucose; this rate is not raised 
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by adding glucose to the medium but is increased about 40-fold by the presence 
of 1% galactose; this increase is not attained when glucose and galactose are 
simultaneously present. 

Adaptation to galactose in the case of this organism is, so far as our experi- 
ments show, invariably accompanied by growth; no evidence of adaptation in 
the absence of cell multiplication in the presence of galactose can be shown and 
the increase in Q galactose is proportional to the number of cells which have multi- 
plied in the presence of the specific substrate. 
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CLXVI. FACTORS INFLUENCING 
BACTERIAL DEAMINATION 


I. THE DEAMINATION OF GLYCINE, dil-ALANINE AND 
I-GLUTAMIC ACID BY BACTERIUM COLI 


By MARJORY STEPHENSON anp ERNEST FREDERICK GALE 
From the Biochemical Laboratory, Cambridge 


(Received 24 June 1937) 


THE idea that in growing cultures of bacteria carbohydrate exerts a sparing 
action on the decomposition of protein and amino-acids has for long been current. 
In its crudest and most generalized form this notion was elaborated by Kendall 
[1922]; put briefly, he showed that in growing cultures of a number of different 
bacterial species the ammonia liberated from protein digests decreased or even 
disappeared when carbohydrate was present. He interpreted this as due to a 
sparing action exerted by carbohydrate on the deamination of proteins, believing 
that in the presence of a readily available source of carbon and energy the 
organism decomposed less nitrogenous material. He failed to take account of the 
fact that ammonia is not only a product in the decomposition of amino-acids but 
also a source of nitrogen for growth; in the protein digest medium this ammonia 
is in excess of what can be used for cell synthesis, the additional carbohydrate 
enables this excess to be used for increased cell production. This point was 
brought out by Raistrick & Clark [1921] in work actually designed for another 
purpose; various species of bacteria were grown in synthetic medium with 
(1) tryptophan and (2) tryptophan+ glycerol as sole sources of nitrogen and 
carbon. A study of the nitrogen distribution at the end of the growth period 
showed that the presence of glycerol had had four results: (1) to decrease the 
ammonia-N from 19-15 to 0-47 mg.; (2) to increase the cell-N from 4-34 to 
12-36 mg.; (3) to increase the amino-N from 0-40 to 3-21 mg.; and (4) to increase 
the non-amino-N (N of the indole nucleus) from 3-0 to 10-85; (2) is a direct result 
of (1), whilst (3) and (4) illustrate the “‘sparing”’ action of glycerol in inhibiting 
the decomposition of tryptophan in spite of the increased number of cells 
available. 

Another instance of the influence of carbohydrate in inhibiting or deflecting 
the course of amino-acid breakdown is its well-known action in preventing indole 
formation from tryptophan. In recent studies on this subject, Woods [1935] 
showed that washed suspensions of Bact. coli, which in the absence of glucose 
produce indole from tryptophan in 90 % yield, fail to produce any in presence of 
glucose. Happold & Hoyle [1935] have shown that in growing cultures glucose 
may act in another way, i.e. by preventing the formation of the enzyme system 
(‘‘tryptophanase’’) responsible for the production of indole. It has also been 
shown that in organisms of the Bacteriaceae grown in glucose broth the deamina- 
tion (and dephosphorylation) of adenosinetriphosphate is strongly inhibited, 
though no such effect is obtained with other adenine compounds [Lutwak-Mann, 
1936]; and that a similar inhibition of 50 to 70% in urease production occurs 
with Proteus vulgaris [Passmore & Yudkin, 1937]. 

These and other examples show that carbohydrate exerts an influence on the 
decomposition of amino-acids by bacteria and it is proposed in this and subse- 
quent papers to examine the nature and cause of this influence. 
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In the case of bacterial enzyme action interference may operate at two 
points: (1) by so altering the growth of the organism that the enzyme system 
may be increased or diminished; (2) by deflecting the course of enzyme action 
after growth is complete. In growing cultures it is impossible to distinguish 
these two actions; by the use of washed bacterial suspensions they may be 
separately studied. 

Technique 


Three amino-acids were studied, glycine, dl-alanine and l-aspartic acid. Two 
strains of Bact. coli were used, the stock strain in use in this department (I) and 
a strain given to us by the Department of Bacteriology of Sheffield University 
(Id). 

In order to determine the conditions affecting enzyme formation during 
growth, strain I was grown in seven different ways, viz. (1) on the surface of 
broth agar in Roux bottles; (2) the same as (1) but with the addition of 1% of 
the amino-acid ; (3) in liquid broth aerobically in Roux bottles; (4) in liquid broth 
anaerobically ; (5) in liquid broth anaerobically with 1 or 2% glucose and chalk; 
(6) in liquid broth aerobically with 1 or 2% glucose and chalk ((5) was kept 
anaerobic and (6) aerobic by bubbling with nitrogen and oxygen respectively ; 
this also served to stir the chalk and maintain a neutral reaction); (7) liquid 
broth with 0-5°% sodium formate. The broth used was a tryptic digest of 
casein. 

The bacteria were grown, unless otherwise stated, for 18 hr.; centrifuged and 
washed, and suspended in water so as to contain 1-3 mg. dry wt./ml.; the adjust- 
ment was done by help of a photo-electric turbidimeter [Clifton e¢ al. 1935] 
which was calibrated for the organism in question. The rate of aerobic deamina- 
tion was estimated by shaking 1 ml. each of buffer, bacterial suspension and 
3.M/250 amino-acid at 40° for various intervals; 2 ml. of the mixture were used 
for each ammonia determination, which was done by the method of Parnas. 
Anaerobic deamination was done in Thunberg tubes with similar amounts, which 
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Fig. 1. y NH,-N/2-18 mg. bacteria/3 ml. Fig. 2. y NH,-N/5-25 mg. bacteria/3 ml. 
M/250 dl-alanine. M /250 dl-alanine. 


were also used in Barcroft manometers in cases where oxidations were also 
measured. For convenience results are recorded as Qy; this unit is comparable 
with the Qo, and is equal to y N/mg. dry wt. bacteria/hr. yN=1-6 ul NH;. 
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Fig. 1 shows that in these conditions with dl-alanine Qy is linear with time; 
Fig. 2 shows that with somewhat increased concentration of bacteria the reaction 
is complete in 1 hr. 

The deamination of glycine 
Fig. 3 shows the optimum values of pH for this and other deaminations. 


Fig. 4 shows the influence of growth medium on the reaction. Here, as in all 
cases so far tried, the deaminase is unaffected by the presence of substrate added 


40- 
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Fig. 3. Effect of pH on deamination by Bact. coli I. 


to the growth medium. Compare (1) and (2) where organism I is grown on the 
surface of agar with (2) and without (1) the addition of 1% glycine. (3) shows the 
very large decrease when passing from solid to liquid medium; we attribute this 
difference to the growth in liquid medium, even in Roux bottles, being less 
aerobic than on the surface of agar; it is not possible to be certain of this point. 
(4) shows a further decrease when conditions become strictly anaerobic; (5) the 
very remarkable further decrease when 2°, glucose is present in the medium. 
The specific effect of glucose over and above its effect in producing an anaerobiosis 
is seen by comparing (5) with (4) and (6) with (3). (7) shows that sodium formate 
has no effect which is not accounted for by the production of anaerobiosis 
(ef. (7) and (4)). 

The presence of glucose during deamination produces no regular effect on the 
rate of deamination. 

No anaerobic deamination of glycine occurs in the conditions of our experi- 
ments. 

Strain IT (Fig. 5) shows the main features of the picture produced by strain I, 
with variations due, we think, to the special characteristics of this organism. 
Strain IT grows aerobically on broth about three times as fast, producing a total 
crop about three times as large as strain I. Anaerobically the growth curves 
follow each other closely. Strain II therefore appears to be a more efficient oxidizer 
than strain I though the particulars of the difference have not been examined. 
On turning to the effect of medium on the Qy we see that the drop due to 
anaerobiosis occurs not between solid and liquid medium, (1) and (3), but be- 
tween liquid medium in Roux bottles and the same anaerobically, (3) and (4). 
The depression due to glucose is still very marked (75%) though not so great as 
in strain I (95%). 
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Fig. 4. Influence of growth medium on glycine deaminase Bact. coli I. 
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Fig. 5. Influence of growth medium on glycine deaminase Bact. coli II. 
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Fig. 6. Influence of growth medium on alanine deaminase Bact. coli I. 
Qx- @eee (x in presence of glucose. - — — Qo,. 
Fig. 7. Influence of growth medium on alanine deaminase Bact. coli II. 
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Fig. 8. Influence of growth medium on glutamic deaminase Bact. coli I. 
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Fig. 9. Influence of growth medium on glutamic deaminase Bact. coli IT. 
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The deamination of alanine 
Generally speaking, the Qy of alanine is about twice as great as that of 
glycine, Fig. 6; otherwise the two pictures are very similar, including the 
differences between strains I and II (Fig. 7). The presence of glucose in the 
medium during deamination is accelerative and the Qo, follows the Qy. 


The deamination of glutamic acid 
This differs markedly from the two cases just described in that anaerobic 
conditions increase the formation of the enzyme (Fig. 8 (3) and (4)); glucose on 
the other hand has the same effect as before; where 2% glucose is used with 
strain IT (Fig. 9) the effect is greater. 


The effect of the age of the culture 


Recent work [Wooldridge et al. 1936] has shown that certain dehydrogenases 
of Bact. coli differ in strength according to the time after sowing at which the 
organisms are removed from the growth medium. In case our results were being 
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Fig. 10. Effect of age of culture on glycine deaminase on growth media (3) and (4). 
Fig. 11. Effect of age of culture on alanine deaminase on growth media (3) and (4). 
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Age of culture, hours 
Fig. 12. Effect of age of culture on glutamic deaminase 
on growth media (3), (4) and (5). 
vitiated through such a variation we have checked this point by removing 


organisms at intervals during the growth period and measuring the Qy. From 
Figs. 10, 11 and 12 it is seen that no marked variation occurs before 20 hr., after 


which the activity falls off with age. 
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The effect of glucose (M/500) on the deamination process 


This is less regular and important than the effect on enzyme formation. In 
the case of glycine the effect is irregular and does not exceed 20% either way. 
In the case of alanine the effect varies according to the growth medium, being 
negative in medium (1) and (2) and slightly accelerative in (4); the latter effect 
varies with the initial concentration of the glucose (Figs. 13 and 14). In the case 
of glutamic acid the effect is inhibitory throughout. 
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Fig. 13. Fig. 14. 
Fig. 13. Effect of glucose (initial conc. M/500) on deamination of dl-alanine. 
(Organism grown anaerobically.) 


Fig. 14. Effect of varying concentrations of glucose on rate of deamination of di-alanine. 
(Organism grown anaerobically.) 


Nature of the deamination 


The deamination of the three amino-acids is exclusively aerobic; in the con- 
ditions of our experiments no deamination occurs anaerobically. We conclude 
that we are here dealing with the oxidative deamination of the «-amino- to the 
«-keto-acid. Such a deamination has been described for /-alanine by an un- 
identified soil organism [Aubel & Egami, 1936] and for glycine by Bact. coli, 
Bact. vulgare, Ps. fluorescens and Bac. mycoides [Janke & Tayenthal, 1937]. The 
Qo, where given is shown by the dotted line on the diagram ; this bears no strict 
relation to the Quy; supposing oxidation and deamination to be proceeding at the 
same rate and oxidation to stop at the formation of the «-ketonic acid, 1 atom of 
nitrogen would be liberated in the form of ammonia during the uptake of 1 atom 
of oxygen, that is @y = Qo, x 0-8; actually, since no inhibitor was used oxidation 
proceeds further and this relationship is not realized but factors inhibiting 
deamination also inhibit oxidation and no deamination has been shown in the 
absence of a simultaneous oxidation. 
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SUMMARY 


From our experiments it seems that the principal effect of glucose on the 
oxidative deamination of glycine, dl-alanine and /-glutamic acid is to inhibit the 
formation of the enzyme during growth. With strain I and 2% glucose this 
inhibition amounts to 95% for all three amino-acids. It is not attributable to 
anaerobiosis due to the evolution of fermentation gases or to the acidity pro- 
duced by fermentation acids since these factors have been controlled. Anaerobic 
conditions during growth also inhibit the production of deaminase in the cases 
of glycine and alanine though less strongly than glucose but favour it in the 
case of glutamic acid. The presence of the specific amino-acid in the growth 
medium does not affect the formation of the enzyme; the age of the culture 
between 8 and 20 hr. causes a slight variation but not of an order to warrant 
further study in this connection. 
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ONE of the most widespread liquid trade wastes is what is commonly known as 
“gas liquor”, being waste liquor produced in gas works. It usually consists of 
a dilute solution of ammonium salts, phenols and other “tar acids”’, salts of 
thiocyanic and thiosulphuric acids and small quantities of other substances. 
The most obvious way of treating any liquid trade waste is to admit it to the 
sewers and allow it to be purified or otherwise disposed of with the sewage. An 
investigation has therefore been carried out into the response of gas liquor to 
processes of sewage purification, and in the course of this work the behaviour 
of the individual substances contained in the liquor has been studied. Amongst 
these substances is ammonium (occasionally calcium) thiocyanate, the biological 
oxidation of which is the subject of this paper. 

In a previous communication [Happold & Key, 1932] the removal of phenol 
and of catechol derivatives from gas liquor was described and it was shown that 
a gram negative vibrio (0-1) which possessed an indophenol oxidase system was 
capable of utilizing phenol as a source of carbon and was responsible for its 
breakdown. 

In the study of phenol destruction on the bacteria beds it had been observed 
that the continuous action of the phenol on sewage effluents facilitated the 
isolation of vibrio 0-1 by exerting a selective bactericidal action on the rest of 
the flora. A similar result was expected in these further studies. 

The investigation has as before been approached from two separate angles, 
(i) the study of the conditions of breakdown on the bacteria beds where a large 
concentration of adapted bacterial life is readily available, and (ii) the study of 
the bacterial life present in the effluents from these beds and of the capacity of 
individual micro-organisms to oxidize ammonium thiocyanate. The two sections 
are divided for the purpose of this report. 


STUDIES ON THE BEDS 


The general method of testing has been to prepare several units of sewage 
purification systems, either bacteria beds or activated sludge units, ascertain 
that these are all in the same condition and produce the same effluents from the 
same sewage, and then to feed sewage to one unit, and the same sewage to which 
have been added substances contained in gas liquor to other units. A comparison 
of the effluents produced gave information concerning the effect of the con- 
stituents of the liquors. 
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For the purpose of investigating the behaviour of ammonium thiocyanate a 
bacteria bed was used which, with an average sewage, gave a purified effluent 
of oxygen absorption (0.4.) (4 hr. in contact with excess acid KMnO, solution at 
80° F.) of about 0-6 pt./100,000. When thiocyanate was added to the sewage to 
give a concentration in the sewage of 2-4 pt. CNS/100,000 the o.a. of the effluent 
during the first day had increased to 2-1 pt./100,000, indicating that at least 
75% of the thiocyanate had passed unchanged through the bed. On the second 
day of such treatment the 0.a. of the effluent had fallen to 1-5 pt./100,000 and 
after 6 days had diminished to its original 0-6 pt./100,000 and no trace of thio- 
cyanate remained in the effluent. Apparently during this period the purification 
system was becoming accustomed to thiocyanate, developing bacteria which 
could assimilate the substance, and when this had been accomplished complete 
purification had occurred. When the amount of thiocyanate in the sewage was 
increased to 4-8 pt./100,000 a similar deterioration of the effluent occurred, 
followed by complete recovery in a few days. A further temporary deterioration 
occurred when the dose of thiocyanate was doubled again, but later when the 
dose was redoubled to give 20 pt. CNS/100,000 no adverse effect was noticed, 
the bacteria having apparently developed sufficiently to deal with this increase. 

Later a repeat of this test was carried out and it was found that by gradually 
increasing the dose of thiocyanate a concentration of at least 120 pt./100,000 
could be completely destroyed during the passage through the bed. This should 
be contrasted with the fact that originally the bed was unable to deal with one- 
fiftieth of this amount. 

It was also found that activated sludge behaved towards thiocyanate in a 
very similar manner and it was thought that the phenomenon deserved further 
chemical and bacteriological study. 

Accordingly, a special activated sludge was cultivated to deal with com- 
paratively large quantities of thiocyanate in sewage, the cultivation taking 
several weeks. The method consisted of aerating a sewage containing 2 pt. 
CNS/100,000 with an ordinary activated sludge for 24 hr., afterwards ‘“con- 
ditioning”’ the sludge by a further 24 hr. aeration, repeating the process with 
fresh sewage, and so on. When the whole of the thiocyanate was being dealt 
with in the first 24 hr. the dose was increased. This procedure was continued until 
40 pt. CNS/100,000 were being oxidized in 24 hr. A test was then carried out 
on the rate of disappearance of the substance. 


Rate of oxidation of ammonium thiocyanate 


Test 1. The sewage used in the test had an 0.a. of 6-7, and the initial con- 
centration of ammonium thiocyanate was 41 pt. CNS/100,000. Table I shows 


Table I. Rate of oxidation of ammonium thiocyanate by activated sludge 


Average rate of 
disappearance of CNS 
Time of aeration Cone. CNS between readings 
hr. pt./100,000 pt./100,000/hr. 


Initial 41 
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how the concentration diminished during the aeration period and also the hourly 
rate of disappearance between the observations. The thiocyanate concentration 
was estimated by the usual silver nitrate method, it having been shown that 
the presence of sewage did not invalidate the titration. 

It will be seen that the rate of oxidation of thiocyanate actually increased 
as its concentration diminished, being negligibly small at first and becoming 
quite rapid later. Several explanations of this observation suggested them- 
selves: one was that the oxidation of the thiocyanate did not take place until 
the sewage had been to a large extent purified. A test was therefore made on 
this point. 

Test 2. In Table II are shown the amounts of CNS remaining in (a) sewage, 
and (b) water after various periods of aeration in the presence of equal amounts 
of the same sludge. 


Table II. Oxidation of thiocyanate in sewage and water 


Time of aeration (a) CNS in sewage (6). CNS in water 

hr. pt./100,000 pt./100,000 
Initial 43 44 
1 42 43 
2 42 43 
3 2 42 
5 39 40 
7 36 37 
9 32 32 
13-5 19 21 
24 0 0 


There is no significant difference between the last two columns, showing that 
the oxidation of thiocyanate was uninfluenced by that of the sewage. The 
presence of sewage does not therefore account for the negligibly small rate of 
disappearance of thiocyanate during the early stages of the tests. 

Test 3. For this test the sludge was divided into two equal parts. One part 
was aerated with water for 24 hr.; the second was aerated with water containing 
55 pt. CNS/100,000 for the same period, at the end of which the CNS had been 
reduced to 2 pt./100,000. To each mixture were then added 60 pt. CNS/100,000 
and aeration continued, the concentrations after various times being shown in 
Table ITI. 


Table III 
(a) CNS in sludge (6) CNS in sludge 
previously aerated previously aerated 
Time with water with CNS sol. 
hr. pt./100,000 pt./100,000 
0 60 62 
3 59 55 
7 50 42 


The second sludge was obviously much more active than the first, particularly 
during the first 3 hr. It appears that aerating in the absence of oxidizable 
matter, a process which would “activate’’ the sludge with respect to sewage, 
actually “‘deactivates”’ it in relation to thiocyanate, and that some time must 
elapse before activity is regained. Now in Tests 1 and 2 the sludge had been 
aerated in the absence of thiocyanate before the commencement of the runs 
in order to “activate” it. This had actually resulted in temporary “‘inactivation”’, 
causing the oxidation to proceed very slowly at first, although becoming more 
rapid later. 
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It was also shown that allowing the sludge to stand out of contact with air, 
though in the presence of thiocyanate, temporarily destroyed its activity in the 
same way as did aerating in the absence of thiocyanate. 


Effect of concentration 


Test 4. The sludge was divided into three equal parts and these were aerated 
in the presence of different concentrations of thiocyanate, with the results 
which are expressed in Table IV. 


Table IV. The effect of concentration on the oxidation of thiocyanate 


A B C 
Initial conc., pt./100,000 33 67 131 
Amounts gone, pt./100,000: Hi 
After 3 hr. 3 2 1 { 
After 6 hr. 6 7 6 
After 9 hr. 12 12 9 
After 12 hr. 19 20 14 
After 13-5 hr. 23 29 20 
After 24 hr. All All 40 


Little difference was shown in the rates of oxidation in the first two cases, 
the influence of concentration being almost negligible. In the third case, where 
the concentration was considerably greater than that to which the sludge was 
accustomed, the oxidation proceeded rather more slowly. 

These observations have been confirmed in Test 5, in which the most active 
sludge yet obtained was used. 30% of sludge, settled for 1 hr., would completely 
destroy 200 pt. CNS/100,000 in 12 hr. It was found that with less than 300 pt. 
CNS/100,000 present the rate of reaction was almost independent of concen- 
tration. With larger concentrations, however, the rate was greatly reduced, 
being only one-tenth as great at 562 pt./100,000 as it was at 282 pt./100,000. The 
limiting concentration above which oxidation is retarded depends on the con- 
dition of the sludge. 

Oxidation products 


It was found that the products of oxidation of ammonium thiocyanate were 
not further oxidized by acid potassium permanganate, and that they did not 
alter the alkalinity of the solution. The only reaction which satisfied these con- 
ditions appeared to be 

NH,CNS + 20, + 2H,O = (NH,),.SO,+C0O,, 
by which the thiocyanate is converted into ammonium sulphate. Determinations 


of ammonia and sulphate were therefore made during the oxidation of a solution 
containing 286 pt. CNS/100,000 the results being shown in Table V. 


Table V 

After 24 hr. After 48 hr. 

pt./100,000 pt./100,000 
Decrease in CNS 132 286 
Increase in NH, 41 81 
Increase in SO, 231 488 
NH, increase calculated from CNS decrease 39 84 
SO, increase calculated from CNS decrease 218 473 H 


In both cases the calculated values are very close to the observed, indicating 
that the above equation is a quantitative expression of the oxidation process. 
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Character of activated sludge 


The sludge was similar in appearance to ordinary activated sludge except 
that it was usually lighter in colour, being grey rather than brown, and that it 
was composed of larger floccules. Under the microscope the sludge had a normal 
appearance; protozoa were plentiful, though Beggiatoa, sulphur-containing 
organisms, were absent. 


THE ISOLATION OF THE THIOCYANATE SPLITTING ORGANISM 


During the time these experiments were being made the bacteriology of the 
sewage fed to the beds or treated with activated sludge, and that of the effluents 
produced was carefully studied. Viable counts were made on (1) meat-extract 
agar, (2) meat-extract agar containing 0-05% ammonium thiocyanate, and 
(3) on a synthetic agar containing thiocyanate. Tap water was used for this 
synthetic agar, which was a mistake since it gave the impression that organisms 
were growing on a medium in which NH,CNS was the sole source of C+ N, whilst, 
as shown by Bigger [1937], many tap waters (and Leeds is no exception) contain 
nutrient material for B. coli and probably for other organisms. At first the 
samples were incubated at 37°, but later samples were also incubated at 22°. 
Detailed results are not given, but the following significant facts emerged. 

(1) The proportion of viable organisms present in the effluents from the 
thiocyanate beds which possessed an indophenol oxidase system increased from 
5-10 % of the total present to 80-95% as the dose of thiocyanate increased. 

(2) 90% of the viable bacteria present in the later effluents from sewage 
containing large quantities of thiocyanate were identical with a strain (CNS 3) 
which had been observed in steadily increasing proportions as the amount of 
thiocyanate oxidation increased. 

Over 50 strains of bacteria were subcultured into media containing thio- 
cyanate and these were tested both with and without aeration. The results were 
negative. 

It was next shown that the flagellates present in the effluents from the 
thiocyanate beds could be excluded without impairing the function of the 
effluent to break down thiocyanate. 

During this time some natural selection of strains had been going on in the 
beds and a further series of studies was commenced with six and then with 
three separate species. Separate cultural studies with these gave negative 
results, but a bacterial sludge prepared from a mixture of the three species, one 
of which was CNS 3 and one probably Friedlander’s bacillus, did cause the 
breakdown of thiocyanate. The cultural conditions for the operation of this 
sludge in the previously mentioned synthetic medium were determined to be 
as follows. 

(1) Sludges which had almost completed the breakdown of thiocyanate did 
not reveal the same lag on reinoculation into media containing CNS, as did 
inoculations from non-thiocyanate media. 

(2) A light inoculum took much longer to initiate CNS breakdown than did 
a heavy one. 

(3) The breakdown was not observed at 37°. 

(4) Bouillon added to the synthetic medium retarded, but KNO, accelerated, 
the rate of CNS attack. 

With these facts in mind, the three species were tried in synthetic media 
containing 0-5 % KNO,; the organism CNS 3 removed the thiocyanate in 9 days. 
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Since then cultures of this organism have repeatedly caused the breakdown of 
CNS and all subcultures of the organism have grown true to type. 

No utilization of thiocyanate in bouillon thiocyanate media has been de- 
tected after 2 months’ culture. When thiocyanate is the sole constituent added 
to sterile tap water (0-02 %) there may be little detectable utilization for a period 
up to 3 weeks’ time, but once utilization has commenced it is usually complete 
in 48 hr. Work which is in progress in conjunction with Dr W. C. Evans indicates 
that the rate of utilization of NH,CNS by the organism is profoundly influenced 
by the inorganic ions present in the medium. 

We suggest that the organism CNS 3 should be called B. thiocyan oxidans. 

The organism is a slender Gram-negative motile bacillus growing best at 
about 22° on nutrient agar. It commences to pigment on the second day and 
the colour gradually intensifies to a canary yellow; the pigment diffuses through- 
out the medium. The bacillus possesses no saccharolytic properties and does not 
liquify gelatin. 

It has also been confirmed in this work that the decomposition product of 
ammonium thiocyanate is ammonium sulphate. 


Discusston 


Beyond the economic interest which is attached to this breakdown of 
ammonium thiocyanate by the organism B. thiocyan oxidans there is an academic 
interest because of the probable existence of an adaptive enzyme [see Karstrom, 
1930; Knight, 1936] system—a thiocyanase system—in cultures grown with 
thiocyanates as sole source of carbon and nitrogen. 

The results obtained with the sewage on the beds indicated (1) that the 
utilization is bacterial in origin, since the rate of action increases with time, 
and (2) that the organism has to adapt itself to its unusual substrate. This 
probable explanation is further supported by the cultural work with the single 
organism. 

One expects “‘adaptive” enzymes to be concerned with chemical reactions 
which provide abundant energy for the cell, and in this respect, the reaction 


NH,CNS +2H,0 + 20, = (NH,).SO, + CO, + 220 kg. cal. 


fulfils these requirements. 

To the best of our knowledge there is no previous reference to the bacterial 
breakdown of thiocyanate and indeed, the CNS ion has generally been referred 
to as one of the more toxic anions for bacteria. Eisenberg [1919], quoted by 
Stephenson [1930], gives the following order of toxicity of the anions for a large 
number of bacterial species: 


I>SCN > citrate > NO, > Cl, ete. 


The series is very similar to the Hofmeister series for the precipitation of the 
proteins of egg white by their sodium salts. Recent work [Lockemann & 
Ulrick, 1936] has also stressed the disinfectant action of thiocyanate solutions. 

In the present study it would appear that whereas B. thiocyan oxidans 
obtains its energy more readily from sources like bouillon, it can in absence of 
these attack the thiocyanate molecule. 


One of us (F.C. H.) is in receipt of a grant from the Medical Research 
Council and would again express his thanks to that body. 
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CLXVIII. METABOLISM OF SULPHUR 


VI. OXIDATION IN THE BODY OF THE SULPHUR- 
CONTAINING AMINO-ACIDS AND SOME OF THEIR 
PARTIALLY OXIDIZED DERIVATIVES! 


By GRACE MEDES?* 
From the Lankenau Hospital Research Institute, Philadelphia 


(Received 18 May 1937) 


Ir has been shown repeatedly that the sulphur of /-cystine, /-cysteine and I- 
methionine is oxidized to sulphate when the free amino-acids are ingested by a 
normal person. Such experiments for the most part have been carried out with 
urine samples collected over periods of relatively long duration, i.e. several hours 
to 24 hr., a procedure which does not offer opportunity for comparison of the 
relative rates of oxidation of respective compounds or for the detection of 
minute amounts of the mother substance which may have escaped for brief 
periods into the urine. 

Although considerable light is being thrown upon the probable course of 
oxidation of these compounds in the human organism by numerous recent 
studies of cystinuria, the question is pertinent as to how far the conclusions from 
such cases can be transferred to the normal subject. The following experiments 
with cystine, cysteine and methionine were therefore done in the hope of 
obtaining further insight into the metabolic relationships of these substances in 
the normal individual. In addition various oxidation products were employed 
similarly to determine, if possible, from their rate and degree of oxidation, 
whether they may be normal intermediates in the physiological oxidation of the 
three naturally occurring amino-acids. 


EXPERIMENTAL PROCEDURES 
Plan of the experiment. The various sulphur-containing compounds were 
ingested successively by a normal subject, the experiments being modelled upon 
the following plan: 


6 p.m.-6 a.m. Control period, A 

6 a.m.-8 a.m. Control period, B (meal) 

8 a.m. Ingestion of compound containing 345 mg. S 
8.15 a.m. Ingestion of compound containing 345 mg. 8 
8 a.m.—9 a.m. Period 1 

9 a.m.—10 a.m. Period 2 

10 a.m.—11] a.m. Period 3 

11 a.m.—l p.m. Period 4 (meal) 

1 p.m.—3 p.m. Period 5 

3 p.m.—7 p.m. Period 6 

7 p.m.—12 midnight Period 7 (meal) 

12 midnight-6 a.m. Period 8 

6 a.m.—8 a.m. Control period C (meal) 


1 Presented in part before the American Society of Biological Chemists, April 1935, and in 
part before the American Chemical Society, April 1937. 
2 Aided by the Robert McNeil Fellowship of the McNeil Laboratories, Inc. 
% The author is indebted to Miss Anna Katherine Stimson for preparation of the charts and for 
other technical help. 
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The first five experiments were performed in duplicate, with an interval of 
2 weeks between, but since there was no essential difference in the results the 
duplication was discontinued. Only one of each pair is reported. The compounds 
were: l-cystine (Merck), 2-58 g.; l-cysteine hydrochloride, 3-39 g., neutralized 
with NaHCO, immediately before using; /-methionine, 3-21 g., isolated from 
casein by the method of Pirie [1933]; /-cystinedisulphoxide, 2-93 g. (Merck), 
prepared according to Toennies & Lavine [1936]; /-cysteinesulphinic acid, 
3°30 g., obtained from cystinedisulphoxide as described by Lavine [1936]; 
l-cysteic acid, 3-64 g., obtained according to Shinohara [1932]; /-«-dihydroxy-B- 
dithiodipropionic acid, 2-60g., prepared as directed by Westerman & Rose[1928], 
purified in the form of the zinc salt and recovered with hydrogen sulphide; and 
dl-z-hydroxy-y-methylthiolbutyric acid, 3-23 g., prepared as described by 
Akobe [1936]. Since it has been shown by Jackson & Block [1932-33] and others 
that dl-methionine, in contrast to dl-cystine, supports growth as well as the 
laevo-form, its metabolism (Eastman product) was included for purposes of 
comparison. In addition, entire control experiments were carried out from 8 a.m. 
one day until 8 a.m. the following day. 

Attempts by Dr Toennies to isolate cysteinesulphenic acid in pure form 
proved unsuccessful on account of its extreme instability. Hence at his sugges- 
tion it was planned to utilize S-guanylthiocysteine, since, as shown by him 
[1937], it behaves in solution as if hydrolyzed to cysteinesulphenic acid and 
thiourea. Thiourea was ingested in a separate experiment as a control; 0-82 g. 
was administered, since it provides the molar equivalent of that theoretically 
available from the cysteine compound. But because of the toxicity displayed by 
thiourea, the experiment with S-guanyl-thio-cysteine was abandoned, in the 
hope that a similar cysteine compound could be obtained later without toxic 
properties. 

Diet. Beginning 3 days before each experiment, the subject was placed on a 
constant, weighed diet of low protein and low sulphur contents (rice, sugar, lard, 
milk and fruit juices). The protein content was estimated as 33-0 g. (nitrogen, 
5-36 g.) daily and the sulphur determined as 410 mg. 

Methods. Total sulphur and total sulphates were determined as described in 
paper III of this series [Medes, 1937]. Inorganic sulphates were estimated by 
Folin’s method [Folin, 1905-06], using 10 ml. of urine and carrying out the ashing 
and weighing in silica centrifuge tubes. Disulphide (cystine) determinations were 
carried out for the most part by the method of Medes & Padis [1936]. Total 
nitrogen was determined either by macro-Kjeldahl or by Pregl’s micro-method 
and urea nitrogen according to Van Slyke & Cullen [1916]. 


RESULTS 


Control period (Fig. 1). The average hourly outputs of creatinine, total nitrogen, 
urea nitrogen, disulphide (cystine), total sulphur and total and inorganic sulphate 
were determined during a 24 hr. period from 6 a.m. to 6a.m., following 3 days on 
the standard diet. As may be seen, all curves show little variation during the 
period except total and urea nitrogen, which fell gradually from average hourly 
excretions of 270 and 174 mg. respectively to 183 and 108 mg., indicating that the 
subject was still approaching nitrogen equilibrium. The output for the 24 hr. 
was 5434 mg., as against 5363 (estimated) in the diet. The average hourly out- 
put of sulphur was 17-65 mg., a total of 424 mg. during the 24 hr. period, or 
103 % of the sulphur intake. There was a slight increase following meals, the 
highest average value, 19-55 mg., being attained during the period from 7 p.m. 
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to midnight, following the meal of highest sulphur content. Neutral sulphur 
averaged 2-73 mg. per hr. The slight variations could not be correlated with 
diurnal periods or with food intake. Ethereal sulphate also showed no significant 
variations from the average value of 1-0 mg. No SH was detected in the urine 
at any period. S—S values varied from 4-25 to 5-12 M x 10-* (1-03-1-24 mg. as 
cystine) per hr., representing 0-27-0-33 mg. sulphur, or about 11% of the 
neutral sulphur. Creatinine output varied from 40 to 49 mg. hourly during the 
different periods with a total of 1-01 g. The average value during the night was 
slightly lower than during the day, but the data are insufficient to show whether 
these variations are significant. No effect of food on creatinine excretion was 
demonstrated. 

Period of cystine feeding (Fig. 2). By the close of the first hour following 
administration, the excretion of total sulphur had risen from an hourly level of 
16-0 to 21-9mg. The elevation continued until period 6, 8-12 hr. following 
ingestion, when an hourly average of 62-5 mg. during 4 hr. was excreted. The 
total output for the 24 hr. was 1040 mg., or 617 mg. above the sulphur of the 
control period and hence representing recovery of 90% of the cystine sulphur. 
By the close of the 24 hr. period, however, the rate of excretion was still elevated 
(34-5 mg. per hr. from 6 to 8 a.m.) and did not fall to the control value until the 
period starting at 7 p.m. of the second day, about 35 hr. after administration. 
By this time 70 mg. of extra sulphur had been excreted, representing a total 
excretion of 100% of the cystine sulphur. The average output of neutral 
sulphur per hr. was 2-78 mg. No test for sulphydry] in the urine was obtainable, 
and except for a slight rise during the hour of ingestion (i.e. from 5-0 to 8-2 x 
10-® M of disulphide) the excretion of disulphide did not vary more than during 
the control day. 

The total nitrogen excreted during the 24 hr. after ingestion was 6059 mg., an 
increase of 625 mg. above the control level and 325 mg. above that of the control 
and cystine nitrogen combined. Urea nitrogen was also elevated, an output of 
3808 mg. occurring dyring the 24 hr. of the experimental day as against 3244 mg. 
on the control day. The excretion of this excess nitrogen was distributed for the 
most part over the periods extending from 1 p.m. to midnight. Creatinine 
output, 0-98 g., was unaffected. 

Period of cysteine ingestion (Fig. 3). The oxidation of cysteine occurred with 
much greater rapidity, the rise in the excretion of total sulphur being from 
16-5 to 52-7 mg. during the hour of ingestion and reaching 104 mg. the following 
hour. The peak, 132 mg., was attained during the third hour and by the end of 
24 hr. the sulphur excretion had returned approximately to the basal level, with a 
recovery of 668 mg., or 97 % of the ingested cysteine sulphur. This was recovered 
almost entirely as sulphate, the neutral sulphur being changed only from 66 to 
71 mg.-during the 24 hr. period. The excretion of disulphide was increased from 
111 x 10-* M of S—S to 178 x 10-* M, the latter equalling 42-9 mg. cystine. This 
disulphide would contain 11-5 mg. sulphur, an increase of 4-4 mg. above the 
disulphide sulphur of the control day (7-1 mg.). All the excess neutral sulphur, 
therefore, was excreted as disulphide. In contrast to its immediate brief appear- 
ance in the cystine-ingestion experiment, here no elevation of disulphide occurred 
until the third hour following ingestion, and the increased output continued for 
the succeeding four periods. 

The curve of total nitrogen excretion, as well as of urea nitrogen, followed 
closely that in the cystine experiment, the output of each being approximately 
the same, 6027 total nitrogen and 3745 urea nitrogen. Creatinine excretion, 


1-01 g., was unaltered. 
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Fig. 1. Metabolism of sulphur and nitrogen of a normal human subject-during a 24 hr. control 
period. The figures at the base represent the times at which urine was collected. 


Fig. 2. Metabolism of sulphur and nitrogen of a normal human subject for 24 hr. following 
ingestion of 2-58 g. l-cystine (690 mg. sulphur). The figures at the base represent times at 
which urine was collected. Two control periods before ingestion, one of 12 hr. and one of 


2 hr., are also given. 
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Fig. 3. Metabolism of sulphur and nitrogen of a normal human subject for 24 hr. following in- 
gestion of 3-39 g. of l-cysteine hydrochloride (690 mg. sulphur) neutralized. The figures at the 
base represent times at which urine was collected. Two control periods before ingestion, one 
of 12 hr. and one of 2 hr., are included. 


Fig. 4. Metabolism of sulphur and nitrogen of a normal human subject for 24 hr. following 
injection of 3-3Y g. l-cysteine hydrochloride (690 mg. sulphur) neutralized. The figures at the 
base represent times at which urine was collected. Two control periods before injection, one 
of 12 hr. and one of 2 hr., are given. 
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Period of cysteine injection (Fig. 4). This experiment was similar in all 
respects to the ingestion experiment, except that intravenous injection of 
cysteine into the median basilic vein was substituted. It was hoped to eliminate 
the problem of different rates of absorption of the various compounds through 
the intestinal wall by this procedure, and hence more rapid oxidation and 
excretion were anticipated. As may be seen from the figure, a lower degree of 
oxidation and delayed excretion resulted, indicating that the amount employed 
was too great to be handled normally by the body and since the entire metabolic 
picture was altered, no further work along this line was pursued for the 
present. 

During the 24 hr. following injection, a total of 964 mg. of sulphur was 
excreted, representing 540 mg. above the sulphur of the control day, or 78 % of 
the cysteine sulphur (690 mg.). Of the 540 mg., only 393 mg. were excreted as 
sulphate (751 mg., total sulphate sulphur minus 258 mg. representing the 
control day) or 73% of the excreted cysteine sulphur. The neutral sulphur 
output was 210 mg. as contrasted with 71 mg. in the cysteine feeding experi- 
ment, and 66 mg. on the control day, an output of 144 mg. of extra neutral 
sulphur. The excretion of disulphide also rose immediately and in general 
followed a curve of the same type as was pursued by the neutral sulphur. A 
total of 3-1 x 10-4 M of disulphide was determined in the urine, the equivalent of 
20-6 mg. of sulphur, 13-5 mg. above that of the control day. The disulphide 
sulphur, therefore, accounts for only about one-tenth of the extra neutral 
sulphur. No sulphydryl was detectable in the urine. Possibly partially oxidized 
intermediates which would not respond to either test were excreted but were not 
identified. 

No marked differences between the excretions of total nitrogen and urea 
nitrogen were observable in this experiment and in the experiment with ingested 
cysteine, indicating that the cystine was probably deaminated and the nitrogen 
excreted as urea. Creatinine excretion was unchanged (1-03 g.). 

Period of 1-methionine ingestion (Fig. 5). The curve of excretion of sulphur 
following the ingestion of /-methionine resembled closely that of cysteine, except 
that the metabolic processes were slightly slower. The rise during the first 3 hr. 
was less and the subsequent fall was retarded, periods 3, 4 and 5 presenting a 
nearly level plateau. The base line was not reached until the eighth period. A 
total of 1145 mg. of sulphur was excreted in the 24 hr., 721 mg. above that of the 
control day or 105% of the methionine sulphur ingested. It was excreted 
entirely in the form of sulphate, except for a slight rise in the neutral sulphur in 
period 5, when an average of 3-34 mg. per hr. was excreted during the 2 hr. 
period. Disulphide excretion was not elevated. 

The curves for the excretion of tota] nitrogen, urea nitrogen and creatinine 
closely resembled that following cysteine ingestion and the total output of each 
was not significantly different. Creatinine output was 1-02 g. 

Period of dl-methionine ingestion (Fig. 6). The oxidation of dl-methionine 
was slightly more retarded than that of /-methionine, the peak of excretion 
occurring during period 5 (1-3 p.m.). A total output of 1082 mg. was determined 
representing 658 mg. in excess of that excreted on the control day, or 95% of 
the methionine sulphur. The output of neutral sulphur was approximately the 
same as that on the control day, in spite of slight elevations of neutral sulphur 
during the fourth and fifth periods (3-01 and 2-95 mg. respectively). The output 
of disulphide rose somewhat during the fifth to the eighth periods, with a total 
output for the 24 hr. of 1-49 x 10-* M S—S (35-8 mg. as cystine =9-5 mg. 8) as 
compared with 1-11 x 10-4 M S—S (26-8 mg. as cystine =7-1 mg. 8) excreted on 
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Fig. 5. Metabolism of sulphur and nitrogen of a normal human subject for 24 hr. following inges- 
tiort of 3-21 g. l-methionine. The figures at the base represent times at which urine was 
collected. Two controls before ingestion, one of 12 hr. and one of 2 hr. are also given. 


Fig. 6. 


Metabolism of sulphur and nitrogen of a normal human subject for 24 hr. following 
ingestion of 3-21 g. dl-methionine. The figures at the base represent times at which urine was 


collected. Two control periods, one of 12 hr. and one of 2 hr., are also given. 
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Metabolism of sulphur and nitrogen of a normal human subject for 24 hr. following 
ingestion of 2-93 g. l-cystinedisulphoxide. The figures at the base represent times at which 


urine was collected. Two control periods preceding ingestion, one of 12 hr. and one of 2 hr., 


are given. 


Fig. 8. Metabolism of sulphur and nitrogen of a normal human subject for 24 hr. following inges 
tion of 3-30 g. l-cysteinesulphinic acid (690 mg. sulphur). The figures at the base represent 
times at which urine was collected. Two control periods preceding ingestion, one of 12 hr. and 


one of 2 hr., are also given. 
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the control day. This slight excess of 2-4 mg. was not detectable in the neutral 
sulphur output, being within the limits of error of the methods employed. 

- The curve of nitrogen excretion indicated a delayed deamination, although the 
amount excreted during the 24 hr. was essentially the same as that following ad- 
ministration of /-methionine. The peaks of excretion of both total nitrogen and urea 
nitrogen occurred during period 6, from 7 to 12 p.m. and the rates were still slightly 
elevated at the end of the 24 hr. period. Creatinine again was unaffected (1-03 g.). 

Period of cystinedisulphoxide ingestion (Fig. 7). The rise of sulphur excretion 
following ingestion of cystinedisulphoxide occurred with much greater rapidity 
than after that of cystine and less than following oral administration of either 
cysteine or /-methionine. The peak occurred during the fourth period, an average 
of 76 mg. sulphur being excreted hourly between 11 a.m. and 1 p.m. The total 
output of sulphur during the 24 hr. following ingestion was 860 mg., or 438 mg. 
in excess of that on the control day, representing 63°% of the sulphur of the 
disulphoxide. This sulphur was almost completely oxidized, the neutral sulphur 
being 75 mg. for the day, as against 66 mg. on the control day. The slight increases 
of neutral sulphur occurred during periods 3-5, when the outputs equalled 3-80, 
3-83, 3-77 and 3-78 mg. respectively. Excretion of disulphide was increased 
during all periods through the sixth, or until midnight of the day of ingestion. 
The total output was 2-43 x 10-4 M of S—S, or 58 mg. computed as cystine. 
This is the equivalent of 15-6 mg. 8, which is 8-5 mg. in excess of that excreted 
on the control day and hence approximately accounts for the additional neutral 
sulphur. Since disulphoxide affects the uric acid reagent, efforts were made to 
identify the compound excreted. Iodimetric tests carried out by Dr Lavine 
indicated that it was not the sulphoxide. Moreover, the characteristic be- 
haviour of cystinedisulphoxide with phospho-18-tungstic acid, i.e. the slow, 
prolonged development of colour, did not occur with these specimens, a further 
indication that the compound excreted was not cystinedisulphoxide. The 
curves of urinary nitrogen and creatinine (0-99 g.) were not characteristically 
changed from those following administration of the other amino-acids. 

Period of sulphinic acid ingestion (Fig. 8). The oxidation of sulphur of 
sulphinic acid was much slower than that of any of the previously employed 
compounds. The curve of excretion was still elevated through the final period 
of the 24 hr. during which an hourly average of 28 mg. of sulphur appeared. The 
total excretion of sulphur during 24 hr. was 774 mg., 350 mg. above that of the 
control day, or 51 % of the sulphinic acid sulphur. This was totally oxidized to 
sulphate, the output of neutral sulphur being 67 mg., a figure identical within 
experimental error with that of the control day. Total disulphide (S—S) ex- 
cretion was 1-12 x 10-4 M or 27 mg. computed as cystine, a figure also unchanged 
from that of the control. 

The nitrogen excretion was also delayed. The total nitrogen was 5639 mg., 
205 mg. in excess of that of the control, or 67 % of the sulphinic acid nitrogen. 
Creatinine output was unchanged (1-01 g.). 

Period of cysteic acid ingestion (Fig. 9). The extremely low ability of the body 
to convert the completely oxidized sulphur of cysteic acid into inorganic sulphate 
is demonstrated in the accompanying figure. The total output of sulphur for the 
24 hr. period was 582 mg., 159 mg. above that of the control day, or 23 % of the 
cysteic acid sulphur. A total of 138 mg. of neutral sulphur, 72 mg. in excess of 
the control neutral sulphur, was put out during the same time. This is the 
equivalent of 382 mg. of cysteic acid, 10-5°% of that ingested. In other words, 
approximately half of the recovered cysteic acid sulphur was excreted in organic 
form and about half in the form of sulphate. 
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The rates of excretion of these two forms of sulphur differed widely. The 
period of maximum elevation of the neutral sulphur was between 11 a.m. and 
1 p.m. of the first day, during which time it was excreted at the rate of 9-8 mg. 
per hr., an average increase of 7-1 mg. above the control and the equivalent of 
37-5 mg. of cysteic acid. The average output of neutral sulphur from the 
beginning of the experiment until midnight was 6-5 mg. per hr., after which it 
fell to 4-9 mg. per hr. between midnight and 8 a.m. and was continued at the 
average of 4-1 mg. per hr. between 8 a.m. and 12 midnight. 

On the other hand, during the early portion of the experimental period extra 
sulphate formation was very slight. Up to midnight the average hourly excretion 
of total sulphate was 16-2 mg. as compared with 15-4 during the same period of 
the control. About midnight the sulphate excretion began to rise and averaged 
19-4, 22-7, 24-0 and 27-3 mg. per hr. during the periods from midnight to 6 a.m., 
from 6 to 8a.m., from 8 a.m. to noon and from noon to 6 p.m. respectively. 
Unfortunately the determinations were not carried further. The output of 
disulphide during 24 hr. was 1-07 x 10-4 M S—S or 25-6 mg. computed as 
cystine (control, 26-8 mg. cystine). 

The total nitrogen output was 5784 mg., of which 3488 mg. were excreted as 
urea nitrogen. In other words, all the nitrogen of the cysteic acid was recovered, 
although urea nitrogen accounts for only about 80% of it. Creatinine, as in the 
other experiments, was unaffected (0-99 g.). 

Period of «-dihydroxy-B-dithiodipropionic acid ingestion (Fig. 10). This 
compound was prepared by the method of Westerman & Rose [1928], precipi- 
tated as the zinc salt and recovered with H,S. Sulphur was determined both in 
the zinc salt and in the recovered acid and the results agreed within 1% of 
the theoretical. Disulphide determinations (Shinohara’s method) also gave 
theoretical values. Tests for nitrogen were negative. Neither the phenylhydrazine 
nor the fuchsine test for aldehyde could be elicited. This hydroxy-analogue 
of cystine also proved to be a compound handled with difficulty by the body. 
By the close of the usual 24 hr. period, 593 mg. of sulphur had been excreted, 
171 mg. above that of the control, 25 % of the sulphur of the ingested compound. 
By this time, the output, which averaged 17-4 mg. per hr. between 6 and 8 a.m., 
was again at the control level, 17-7 mg. per hr. The total sulphate output was 
427 mg., 69 mg. above the control, or 10% of the extra ingested sulphur. To 
sum up, of the 171 mg. of sulphur recovered, 60 °% appeared as neutral sulphur 
and 40% in the form of sulphate. The maximum output of both forms of 
sulphur was during the period from 9 to 10 a.m., and was followed by a gradual 
fall. The output of disulphide was 7-12 x 10-4 M, 6-01 x 10-* M above the con- 
trol, which would be the equivalent of 39 mg. excess sulphur, or about one-third 
of the extra neutral sulphur. The form in which this disulphide was excreted 
could not be definitely identified. That it was not cystine was demonstrated by 
tests by the Sullivan reaction. From previous knowledge of the behaviour of 
hydroxy-analogues of amino-acids in the body, it seems probable that the 
compound excreted was identical with that ingested. 

The total nitrogen and urea nitrogen, 5588 and 3406 mg. respectively, were 
only slightly elevated as compared with those of the control day. Creatinine 
was 1-00 g. 

Period of ingestion of «-hydroxy-y-methylthiolbutyric acid (Fig. 11). In con- 
trast to the behaviour of the hydroxy-analogue of cystine, the sulphur of 
which appeared in the urine to the extent of only about 25%, 94% of the 
sulphur of the corresponding derivative of methionine was recovered. Of the 
recovered sulphur, in the one case about 10% was in the form of sulphate, in 
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ingestion of 3-64 g. l-cysteic acid (690 mg. sulphur). The figures at the base represent times at 
which urine was collected. Two control periods preceding | ingestion, one of 12 hr. and one of 
2 hr., are given. 

10. Metabolism of sulphur and nitrogen of a normal human subject for 24 hr. following 
ingestion of 2-60 g. of l-x-dihydroxy-B-dithiodipropionic acid (690 mg. sulphur). The figures 
at the base represent times at which urine was collected. Two control periods, one of 12 hr. 
and one of 2 hr. preceding ingestion, are given. 
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Fig. 11. Fig. 12. 

11. Metabolism of sulphur and nitrogen of a normal human subject for 24 hr. following 
ingestion of 3-23 g. dl-x-hydroxy-y-methylthiolbutyric acid (690 mg. sulphur). The figures 
at the base represent hours at which urine was collected. Ingestion is preceded by two control 
yeriods of 12 and 2 hr. respectively. 
I : 
12. Metabolism of sulphur and nitrogen of a normal human subject for 24 hr. following 
ingestion of 0-82 g. thiourea (345 mg. sulphur). The figures at the base represent times at 
which urine was collected. Ingestion is preceded by two control periods of 12 and 2 hr. 
respectively. 
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the second case, 83°. An increase in neutral sulphur following ingestion of the 
methionine derivative occurred during the first four periods covering 5 hr., with 
hourly averages of 29, 37, 22 and 17 mg. in the four periods respectively, after 
which there was a sudden drop to almost basal level. The sulphate excretion at 
this time began a rise to a new maximum, which occurred during the sixth 
period, closing at 7 p.m., 11 hr. after ingestion. The excretion of disulphide was 
elevated to approximately twice its normal level, 11-1 and 10-2 x 10-* M per hr., 
during the first two periods, after which it fell almost to normal value. An in- 
erase in the Sullivan reaction indicated that the disulphide compound being 
excreted was cystine. However, this increase in disulphide would correspond to 
only 8 mg. of cystine, representing 2-2 mg. of neutral sulphur, or only about 2% 
of the excess neutral sulphur. The remainder of the additional neutral sulphur 
was not identified, but judging by the rapidity with which it was excreted, may 
have been the unchanged hydroxy-compound. 

The excretion of nitrogen was 5231 mg., an even lower output than during 
the control day. The urea nitrogen was approximately the same. Creatinine 
excretion was 975 mg. 

Period of thiourea ingestion (Fig. 12). There was almost no evidence of 
oxidation of the sulphur of thiourea. The ingested compound apparently was 
excreted unchanged during a period of 48 hr., at the end of which time all 
determinations except total and neutral sulphur had returned to the base line. 
During the final period of the 48 hr., from 6 to 8 a.m. of the third day, organic 
sulphur averaged 3-67 mg. per hr. as against an hourly average of 2-74 on the 
control day. During this 48 hr., the extra sulphur excreted was 337 mg., almost 
the equivalent of the thiourea sulphur. Since this included 20 mg. of extra cystine 
sulphur, a small amount of thiourea, amounting to about 66mg., was unaccounted 
for. As the organic sulphur was still slightly elevated, even more might have 
been recovered at a later period. 

The amount of total sulphate excreted was about the same as during 2 days 
of the control period, except that in the first day following ingestion a rise of 24mg. 
was observed followed by a depression of 26 mg. in the second 24hr. During the 
entire period the inorganic output was lowered, the ethereal sulphate averaging 
2-6 mg. per hr. during the first 24 hr. and 1-6 mg. during the second 24 hr., as 
against 1-0 mg. on the control day. These findings agree with those of Masudo 
[1910], who injected thiourea subcutaneously into rabbits and reported neutral 
sulphur and ethereal sulphates increased, while total sulphates were approxi- 
mately unchanged. 

A portion of the neutral sulphur was contributed by thiourea, which was 
determined qualitatively by the method of Grote [1931]. Attempts to modify 
the procedure for quantitative measurements proved unsuccessful. The test 
became strongly positive with the first urinary sample following the ingestion of 
thiourea and remained at approximately this intensity until the following 
morning, when it slowly decreased to a questionable positive in the sample 
collected from midnight of the second day to 6 a.m. the following morning (40— 
46 hr. after ingestion of the thiourea). 

There was also an immediate rise in disulphide sulphur following ingestion 
of the compound. Tests by the Sullivan reaction indicated that it consisted 
largely of cy ae. The total disulphide output during the first 24 hr. was 
3 84 x 10-4 M, or 2:73 x 10-4 M above that of the control day, representing an 
additional output "aa as cystine) of 66 mg. cystine. By the close of 
the first 24 hr., the cystine output averaged 10-3 x 10-* M per hr., which is 
approximately twice the control output. The excretion did not return to the 
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basal level until after another 12 hr. In order to ascertain whether this rise in 
cystine excretion represented a general amino-acid increase following a general- 
ized protein destruction, amino-acids were determined (method of Northrop 
[1926] as modified by Van Slyke & Kirk [1933]) but no significant rise was found, 
and tests for tyrosine [Medes, 1932] were negative. The excretion of cystine 
must, therefore, have been a specific effect. The cystine did not appear to be 
combined with the thiourea, as shown by its response to the Sullivan test, as well 
as by the specific test that was elicited for thiourea. However, the possibility 
exists that a conjugated product of cysteine and thiourea may have been 
formed, which, because of its extreme instability, would hydrolyse to cysteine- 
sulphenic acid (RSOH) and thiourea, the cysteinesulphenic acid ultimately 
dismuting to cystine and cysteinesulphinic acid. 

The nitrogen output for 24 hr. was greatly increased, being 8-42 g., or 2-98 g. 
above the control and 2-85 g. in excess of the control plus the nitrogen of the 
thiourea. This excess could be accounted for entirely in the urea fraction. 
The total output of creatinine for the 24 hr. following administration was only 
945 mg., an average of 39-4 mg. per hr., in spite of a rise to 60 mg. in the first hour 
following ingestion of thiourea. The gradual fall to 35 mg. during the fourth 
period of the first day and its subsequent slow return to normal at about the 
close of 24 hr. may have been associated with the symptoms of prostration 
experienced by the subject during that time. 


Discussion 


Rate of absorption. In discussing the oxidation of an ingested compound, the 
rate of its absorption through the intestinal wall must be considered. Andrews & 
Johnston [1933] and Stearns & Lewis [1930] attempted to evaluate this factor 
in the rate of oxidation of cystine. The former found from 25 to 37 and 68 to 
79 % of l-cystine remaining in the isolated intestinal loops of dogs of 27-9 and 
18-3 kg. body weight respectively, 4 hr. following introduction of 0-5 g. cystine. 
It may be significant that absorption was more rapid from the gut of the larger 
dog, probably because of the greater surface and blood supply. Stearns & Lewis 
employed two rabbits of 2-5 and 1-75 kg. weight. 6 hr. after feeding respectively 
2 and 1 g. of cystine in the form of Na cystinate, 20 and 33 % were found remain- 
ing in the gastro-intestinal canal. In the four cases quoted above, the doses 
administered were 18, 27, 800 and 570 mg. cystine per kg. body weight. Since in 
three of these instances the percentage absorbed lay between 75 and 80, either 
rate of absorption is relatively independent of amount ingested or comparisons 
as to dosage and relative rates of absorption cannot be strictly drawn between the 
dog and the rabbit under the conditions of these two sets of experiments. 

In the present experiment, the dosage was approximately 45 mg. per kg. body 
weight. About 8 % of the cystine sulphur ingested was excreted by the close of 
4hr., 15% by the end of 6 hr., and 24% by the end of 8 hr., a somewhat more 
rapid rate than that recorded by Stearns & Lewis for a rabbit of 2-4 kg. body 
weight, in which case (rabbit III, p. 99) about 15 % of the sulphur was excreted in 
the first 8 hr. period following ingestion of 0-812 g. In this case the dose equalled 
338 mg. per kg. body weight. Here also it may be seen that in these two forms 
comparison between doses and rates of absorption cannot be drawn. 

In an attempt to ascertain whether solubility of the compound plays an 
extensive role in the rate of absorption, the experiment was repeated with the 
same amount of cystine ingested as the lithium salt. Fig. 13 gives a comparison 


of the rates of excretion of the sulphur. As may be seen, there is a moderate shift 


to the left (curve B), 39% being excreted by the close of 8 hr. as compared with 
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24 % in the previous case (curve C). The rate of oxidation is still much less than 
that of cysteine, the graph of which is superimposed in the same chart for pur- 
poses of comparison (curve A). The solubilities of lithium cystinate and cysteine 
are of approximately the same order and about as great as that of cysteic acid, 
whose absorption has been shown to occur with great rapidity [Andrews & 
Johnston, 1933]. Hence we may conclude that solubility of the compound ingested 
is a factor, though a minor one, in determining its rate of absorption. 
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Fig. 13. Excretion of total sulphur following ingestion of 3-39 g. l-cysteine hydrochloride 
neutralized with NaHCO,: (A), 2-71 g. lithium cystinate (B) and 2-58 g. l-cysteine (C), each 
containing 690 mg. sulphur (D) control. 


Fig. 14. Excretion of total sulphur following administration of l-cysteine hydrochloride neutral- 
ized with NaHCO,: (A), following ingestion of 3-39 g. (690 mg. sulphur); (8), following injec- 
tion of 3-39 g. (690 mg. sulphur) and (C), following ingestion of 1-695 mg. (345 mg. sulphur) 
(D) control. 


A second attempt to evaluate the factor of absorption was made by injecting 
cysteine in the same amount as was ingested in the previous experiment 
(Fig. 14). In this case only 78 % of the sulphur ingested was recovered (curve B) 
by the end of 24 hr. in contrast to the 97% recovered in the ingestion experi- 
ment (curve A). When the cysteine was injected, 27 °%, of the sulphur recovered 
was in the form of organic sulphur, whereas less than 1°% was in this form 
following ingestion. That less sulphur is recovered and a greater percentage is 
excreted in organic form following injection has frequently been observed 
[Schmidt & Clark, 1922; Westerman & Rose, 1928; Stearns & Lewis, 1930]. These 
investigators explain this difference on the basis of a sudden flooding of the organ- 
ism above its capacity to metabolize the cystine. Since in all these cases injection 
was into the peripheral circulation, the question as to the part played by the 
liver in preventing this overwhelming of the body cannot be evaluated until 
experiments are done injecting cystine under similar conditions into the 
mesenteric and peripheral veins. That exclusion of the liver is not the only 
cause of lessened ability to deal with cystine, is shown in the lithium cystinate 
experiment, in which case more rapid absorption was associated with a rise in 
the urinary organic sulphur. 
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Amount of total sulphur recovered. In Table I are summarized the amounts of 
extra sulphur excreted, expressed both in mg. and in percentage of those ingested. 
It-may be seen that, with the exception of the hydroxy-analogue of methionine, 
all those compounds whose recovery was nearly quantitative were the normally 


Table I. Recovery of total and neutral sulphur during 24 hr. following 
administration of various sulphur-containing compounds 


S recovered 








——__ emanate ee 
Total S Neutral § 
Extra S — \ + M \ 
ingested % % % re- 
mg. mg. ingested mg. ingested covered 
Cysteine 690 668 97 6 ] 1 
Cystine 690 616 90 - - — 
Cystinedisulphoxide 690 438 63 10 15 22 
Cysteinesulphinic acid 690 350 51 — _ — 
Cysteic acid 690 159 23 72 10 46 
Cysteine, injected 690 540 78 144 21 27 
Lithium cystinate 690 514 75 12 2 2 
Cysteine 345 331 96 — — _ 
Cysteinesulphinic acid 345 249 7 — — — 
Cystinedisulphoxide 345 238 69 7 2 3 
l-Methionine 690 721 105 — - _ 
dl-Methionine 690 658 95 — - - 
a-Dihydroxy-8-dithiodipropionic acid 690 171 25 103 15 61 
a-Hydroxy-y-methylthiolbutyric acid 690 649 94 108 16 17 
Thiourea 345 279 81 256 74 92 


occurring forms, cysteine, cystine and methionine. In the series of partially 
oxidized derivatives, S—S, SO—SO, SO,H and SO,H, the recovery of sulphur 
during 24 hr. decreased with degree of oxidation of the compound administered : 
i.e. cysteine (SH), 97%, cystine (S—S), 90%; cystinedisulphoxide (SO—SO), 
63 % ; sulphinic acid (SO,H), 51 % and cysteic acid (SO), 23%. This diminishing 
recovery can scarcely be ascribed to failure of absorption, since all degrees of 
solubility exist in these compounds, from the extreme insolubility of cystine- 
disulphoxide to the high solubility and diffusibility of cysteic acid. Rather the 
conclusion seems justifiable that the partially oxidized sulphur compounds are 
oxidized to inorganic sulphate with greater difficulty than the amino-acids from 
which they are derived, and that they can scarcely be considered as in the direct 
line of physiological oxidation to inorganic sulphate. In normal metabolism 
leading to inorganic sulphate formation some other change probably occurs in 
the molecule during early stages of oxidation of the sulphur, thereby rendering 
the fragment more reactive. This does not preclude the possibility that the 
sulphur retained is utilized in some other metabolic process in the organism. 
Although it has not been demonstrated that any of the partially oxidized deriva- 
tives can contribute to the production of taurine, the possibility is not excluded, 
and the fact that the sulphur of each successively more highly oxidized com- 
pound is retained in higher proportions is suggestive. 

Following ingestion of the hydroxy-analogues of cystine and methionine, 
the extra sulphur excreted was 25 % of that ingested with the former compound 
and 94% with the latter. These results confirm the findings of previous investi- 
gators that from a metabolic standpoint these two compounds are not similarly 
related to the amino-acids from which they are derived. For instance, Akobe 
[1936] found that the hydroxy-analogue of methionine could replace methionine 
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in the diet of rats, whereas Westerman & Rose [1928] had demonstrated that the 
similar analogue of cystine could not substitute for cystine. Westerman & Rose, 
employing «-dihydroxy-f-dithiodipropionic acid, recovered 75% of the sulphur 
after feeding 0-5 g. to a 1-8 kg. rabbit and 89 % after injecting the same amount 
into a 1-5 kg. rabbit, a recovery in marked contrast to the 25% recovered in the 
present experiment, in which 2-60 g. were fed to a 60 kg. human subject. 

Schmidt & Clark [1922] reported 40-52%, of the sulphur of cysteic acid 
excreted by dogs in the 24 hr. following ingestion. Their doses also were larger, 
6-7 and 7-0 g. being fed to a 13-9 kg. dog and 5-8 g. to a 12-7 kg. dog. With this 
compound also, a greatly lessened recovery of sulphur was found in the human 
subject (23 % following ingestion of 3-65 g.). 

The treatment of thiourea by the body is in marked contrast to that of the 
partially oxidized derivatives of the amino-acids, as in this case the excretion of 
sulphur failed to return to the basal level until approximately 100 % of the extra 
sulphur had been excreted (81 % at the close of the first 24 hr. and 98 % at the 
close of 48 hr.). 90°% of this extra sulphur was excreted as organic sulphur. 
Evidently no appreciable part of the sulphur of thiourea can be utilized by the 
organism. This prompt and complete expulsion of a non-physiological sulphur 
compound adds weight to the suggestion that the retained sulphur of the 
partially oxidized derivatives is utilized by the organism. 

Rate of oxidation. Conclusions to be drawn as to rate of oxidation are less 
clear-cut, but by any criterion cysteine and methionine have shown themselves 
to be the most rapidly oxidized of any of the compounds ingested. In both cases 
nearly 100% of the extra sulphur was excreted in oxidized form within 16 hr. 
after ingestion. With dl-methionine the rate was slightly slower, indicating that 
d-methionine may be metabolized somewhat less readily. The oxidation ‘of 
cystine was considerably slower. This was demonstrated by the fact that 
following rapid introduction of cystine as the lithium salt the cysteine type of 
curve was not approached, but an even more retarded utilization occurred. The 
conclusion seems justifiable that cysteine, in spite of the rapid disappearance of 
sulphydryl from the blood stream following intravenous injection [Medes, 
unpublished] is not metabolized through the S—S form. The excretion of 
cystine rather than cysteine in all these cases remains to be explained. 

Oxidation may in general be said to occur more slowly in the more 
oxidized derivatives. This is especially marked with cysteic acid, after ingestion 
of which the average hourly excretion of oxidized sulphur remained unchanged 
until midnight, 16 hr. after administration. At that time a slow rise in oxidized 
sulphur commenced and was continued throughout the following day. Although 
Schmidt & Clark [1922] conclude that the non-nitrogenous portion of the mole- 
cule is excreted unchanged, inspection of their data reveals a slight increase in 
sulphate excretion on the second day of some of their experiments. This delayed 
oxidation can scarcely be ascribed to action of intestinal bacteria, as cysteic acid 
is known to be absorbed very rapidly, and even though a small portion became 
converted into inorganic sulphate in the intestinal canal, 34hr., the period of delay 
in these experiments, would hardly be required for its absorption and excretion. 

Effect of variations in the amount ingested. In three instances the experiment 
was repeated using half the usual amount. In the case of cysteine, the percentage 
of sulphur recovered was approximately the same, 96 as compared with 97%. 
In the case of cysteinesulphinic acid, 73° was excreted in contrast to 51% 
following ingestion of the usual dose. With cystinedisulphoxide the amount 
recovered increased from 63 to 69 °% when the smaller amount was administered. 
Hence it seems that with the difficultly oxidizable compounds, ingestion of greater 
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amounts has essentially the same effect as rapid administration and is associated 
with decreased ability of the organism to handle them. 

Degree of oxidation. In general it may be said that the compounds which 
underwent most rapid oxidation also resulted in the greatest output of sulphate 
sulphur (Fig. 15.) Neutral sulphur output (Fig. 16) increased in the order: 
cystine < cysteine < cystinedisulphoxide < cysteic acid. As may be observed, 
cysteinesulphinic acid did not fall in the series, but failed to produce any increase 
in excretion of neutral sulphur. According to Lavine [1937], this compound is 
one of the end-products of the dismutation of cystine: 2RSSR +2H,O > 3RSH + 
R(SO,)H in a medium in which RSH is removed from solution, the sulphinic acid 
undergoing no further dismutation. While it cannot be concluded that sulphinic 
acid is an intermediary in the metabolism of cystine, since its oxidation in the 
body takes place so slowly, it seems possible that this acid is more closely related 
to the normally occurring compound than is cysteic acid, i.e. more extensive dis- 
ruption of the molecule may occur at the point corresponding to the sulphinic 


acid stage. 
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Fig. 15. Fig. 16. 

Fig. 15. Excretion of total sulphate following ingestion of (A), 3-39 g. l-cysteine, neutralized with 
Na,CO,; (B), 3-30 g. l-cysteinesulphinic acid neutralized; (C), 3-60 g. l-cysteic acid neutralized. 
All were the equivalent of 690 mg. sulphur (D) control. ree 

Fig. 16. Excretion of neutral sulphur during 24 hr. of a control period and during 24 hr. periods 
following ingestion of various sulphur compounds containing 690 mg. of sulphur (thiourea 
345 mg.). In the case of lithium cystinate, injected cysteine, ingested cysteine, methionine 
and cystinedisulphoxide, the additional neutral sulphur was identified as cystine, whereas 
following ingestion of thiourea and the hydroxy-analogues of methionine and cystine, the 
excess neutral sulphur appeared to be in the form of the compound ingested. 


In Fig. 16 is also shown the effect of the rapid introduction of the experimental 
compounds into the body upon the neutral sulphur output following ingestion 
of lithium cystinate and injection of cysteine. How far the rate of entrance may 
be a factor in the degree of oxidation of all of the compounds is difficult to decide, 
i.e. would cysteic acid be metabolized without any increase of neutral sulphur if 
it were ingested sufficiently slowly? 

Oxidation of cystinedisulphoxide. The oxidation of cystinedisulphoxide 
needs special consideration, since it has been shown [Bennett, 1937] that this 
compound is capable of replacing cystine in the diets of albino rats on a cystine- 
deficient diet. According to Lavine [1936], cystinedisulphoxide in solution 
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undergoes dismutation with the ultimate production of 4 molecules of sulphinic 
acid and | of cystine from 3 of cystinedisulphoxide. In the feeding experiments by 
Bennett, 1 molecule of the disulphoxide is apparently capable of replacing 
1 molecule of cystine, hence under these conditions dismutation apparently does 
not occur, but a direct reduction of the disulphoxide to cystine. It is not certain, 
though, that such a course represents the path followed when the body is receiving 
sufficient cystine in the diet. According to Lavine the dismutative decomposi- 
tion probably proceeds as follows: 


Dismutation of cystinedisulphoxide 
2R(SO),R +2H,0 > 2R(SO)H +2R(SO,)H 
2R(SO)H +RSH +R(SO,)H 
2R(SO),R+2H,0 > RSH  +3R(SO,)H 
R(SO),R +RSH > RSSR +R(SO,)H 
3R(SO),R+2H,0 > RSSR  +4R(SO,)H 


oF WwW N= 


If, however, the cysteine formed in equation 2 should be removed immediately 
from the reaction mixture, as may occurin the body where apparently itis oxidized 
with great rapidity, dismutation would proceed only to equation 3. Fig. 17 is a 
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Fig. 17. Hypothetical behaviour of cystine in metabolism. (B) Excretion of total sulphur for 
24 hr. following ingestion of cystine containing 690 mg. of sulphur. (C) Excretion of total 
sulphur following ingestion of one-half the molar equivalent of cysteine. (D) Excretion of total 
sulphur following ingestion of one-half the molar equivalent of cysteinesulphinic acid. 
(Z£) Control. (A) Composite curve of (C’) plus (D), demonstrating general similarity of curve 
to (B). The greater height of the curve is due to the fact that when smaller amounts are 
ingested a greater proportion of the sulphur is recovered. 


composite drawing in which curve A is obtained by addition of the total sulphur 
excreted when one-half the equivalent of cysteine was ingested, plus that when 
one-half the equivalent of cysteinesulphinic acid was administered. The 
close agreement of these two curves suggests that a reaction of this type may 
take place under the conditions of this experiment rather than a direct reduction 
of the disulphoxide to cystine. 

SuMMARY 


The three naturally occurring amino-acids, /-cystine, J-cysteine and 
l-methionine, have been ingested by a normal individual under standardized 
conditions and the rate of excretion and degree of oxidation of the sulphur have 
been studied. A series of oxidized derivatives has been employed similarly, 
namely: /-cystinedisulphoxide, J-cysteinesulphinic acid, /-cysteic acid, /-«- 
dihydroxy-f-dithiodipropionic acid and dl-x-hydroxy-y-methylthiolbutyric acid. 
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The sulphur of cysteine and methionine was recovered in the urine as in- 
organic sulphate approximately to the extent of 100% within 16 hr. after 
ingestion. Cystine was oxidized more slowly. When cystine was ingested as the 
highly soluble lithium salt the capacity of the body to oxidize it was enhanced 
and a greatly increased output of organic sulphur resulted. Nevertheless, the 
rate of oxidation was still much slower than that of cysteine. From these 
observations it was concluded that the oxidation of cysteine does not, under the 
conditions of this experiment, take place through cystine. 

In the series of derivatives with oxidized sulphur, rate of oxidation to 
inorganic sulphate occurred in the following order: cysteine > cystine > cystine- 
disulphoxide > cysteinesulphinic acid > cysteic acid, indicating that this series 
does not represent the path of oxidation leading to inorganic sulphate formation, 
but that some other change, such as deamination, probably occurs early in the 
process. 

Recovery of total sulphur also decreased in the same order, leading to the 
suggestion that the sulphur of the more highly oxidized members of this series 
may be more readily available for some other physiological function, such as 
taurine formation. 

The sulphur of the hydroxy-analogue of methionine, «-hydroxy-y-methylthiol- 
butyric acid, was recovered within 24 hr. to the extent of 95%, of which 83% 
was in the form of inorganic sulphate, whereas that of the similar analogue of 
cystine, «-dihydroxy-y-dithiodipropionic acid, was recovered only to the extent of 
25 % , of which but 39 % was oxidized. These results confirm the findings obtained 
by totally different experimental procedures, that these two hydroxy-analogues 
can scarcely bear similar metabolic relationships to the amino-acids from which 
they are derived. 

The sulphur of thiourea was excreted to the extent of 100%, by the close of 
48 hr.; 92°% of the recovered sulphur was in organic form. Along with thio- 
urea there was an increase in the urinary cystine. The mechanism of this reaction 
is not yet elucidated. 
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THE name “aldehyde mutase” is given to the enzyme which catalyses the so- 
called Cannizzaro reaction (reaction (1) below), a type of reaction which is 
probably of importance in intermediary metabolism. Batelli & Stern [1910] 
were the first to show that this reaction was catalysed by animal tissues, but 
satisfactory quantitative chemical studies were first carried out by Parnas [1910], 
who showed that the catalyst was a soluble enzyme, to which he gave the name 
of aldehyde mutase. The mutase was believed to be a separate enzyme until 
Wieland [1914] claimed to have shown that it was identical with the Schardinger 
enzyme or aldehyde oxidase, which catalyses the oxidation of aldehydes in 
accordance with reaction (2): 

(1) R—CHO+ R—CHO+ H,O = R—COOH + R—CH,OH, 

(2) R—CHO+4A +H,0=R—COOH + AH,, 
where A may be O, or some other hydrogen acceptor, such as methylene blue. 
Wieland suggested that the oxidase normally uses a hydrogen acceptor to produce 
an oxidation of the aldehyde, but when no other acceptor is present it uses a 
second molecule of aldehyde as acceptor, reducing it to alcohol and so producing 
a dismutation of aldehyde (reaction (1)). This view has been almost universally 
held up to the present time. 

The mutase has been much less thoroughly studied than the aldehyde 
oxidase. The main contributions to our knowledge of the enzyme are due to 
Euler and his co-workers [e.g. Euler & Brunius, 1928], who showed that yeast 
mutase requires cozymase for its activity, and to Reichel & K6hle [1935], who 
have recently carried out systematic studies on purified liver mutase. They 
found that their mutase preparations also catalysed the oxidation of aldehydes 
under certain conditions and they believed that the same enzyme was responsible 
for both reactions. 

In the course of a systematic study of the Schardinger enzymewe obtained 
evidence that this enzyme was distinct from aldehyde mutase and we therefore 
decided to reinvestigate the question of the identity of aldehyde mutase and 
oxidase. 

EXPERIMENTS ON THE MILK ENZYME 
Materials 


Preparations of the Schardinger oxidase made by the methods of Dixon & 
Thurlow [1924, 1] and Dixon & Kodama [1926] were used. The acetaldehyde, 
with which most of the experiments were carried out, was purified by preparing 
the crystalline aldehyde ammonia and decomposing this with acid and redistilling 
in the usual way. 

1 A preliminary account of some of the results of this work was communicated to Nature 
[Dixon & Lutwak-Mann, 1937, 1). 
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Methods 


The dismutation of aldehyde can be followed in two ways, namely by chemical 
estimation of the reactants or by a manometric method described below. Previous 
work has been carried out entirely by chemical methods. Considerable difficulties 
were however met with in attempting to study the milk enzyme by chemical 
methods. The estimation of aldehyde, alcohol and acid in presence of one another 
in a tissue extract or enzyme preparation is in itself a difficult problem and the 
existing methods do not give satisfactory results. The estimation of one of the 
reactants alone is usually insufficient for studying the mutase reaction; for 
example, the disappearance of aldehyde cannot be taken as a measure of the 
reaction, for it may be caused by several different processes. It may be due 
(a) to a dismutation of the aldehyde to acid and alcohol, (b) to an oxidation to 
acid by aldehyde oxidase and a hydrogen acceptor, (c) to a reduction to alcohol 
by alcohol dehydrogenase (which is a reversible enzyme) and a hydrogen 
donator, (d) to a combination with proteins, apart from any enzyme action, and 
(e) to a loss of aldehyde vapour during the necessary manipulations (in the case 
of volatile aldehydes). The retention of aldehydes by combination with protein 
is very troublesome; if a known amount of aldehyde is added to a boiled enzyme 
preparation from milk and estimated immediately it is found that as much as 
50 % of the aldehyde may remain in combination with the protein and so escape 
estimation. This occurs in any case, but particularly when deproteinizing 
reagents are used. A similar effect occurs with lower aliphatic acids and alcohols. 
If a known amount of such an acid is added to milk it cannot be quantitatively 
recovered by adding phosphoric acid and distilling in steam in vacuo [Welde, 
1910]. Wieland’s work referred to above was carried out by estimations of the 
acid and alcohol formed, and he encountered the same difficulty and was com- 
pelled to introduce considerable corrections. This procedure is impossible if a 
number of different preparations are to be used, as the retention will vary from 
case to case. 

In order to follow the mutase reaction one must ensure that no oxidase 
reaction takes place, otherwise a simple oxidation, or at most a mixed dismuta- 
tion and oxidation, will be obtained. If aldehyde oxidase is present oxygen must 
therefore be rigidly excluded, and this involves either evacuation of the vessels 
or the passage of a large volume of oxygen-free nitrogen, which in turn results in 
a considerable loss of aldehyde if a volatile aldehyde is used. Unfortunately it 
appears that the most volatile aldehydes such as acetaldehyde are just those 
which undergo dismutation most readily; aromatic aldehydes appear to be 
practically inactive. Owing to these difficulties most of our work has been done, 
not by chemical estimations, but by the manometric method, which however was 
controlled-by chemical estimations. 

The manometric method used depends on the measurement of the CO, dis- 
placed from bicarbonate by the acid produced by the reaction. This well-known 
principle in manometry has been used by Lohmann [1932] to study a somewhat 
similar enzyme reaction, namely the conversion of methylglyoxal into lactic 
acid by glyoxalase. The reaction is caused to take place in Barcroft differential 
manometers in bicarbonate solutions in equilibrium with a CO,-containing gas 
mixture under rigidly anaerobic conditions. The amounts of bicarbonate and 
CO, were chosen so as to give the pH desired (7-7 in most cases). Since it was 
necessary to pass the gas mixture through the flasks we have used the type of 
flask illustrated by Keilin & Hartree [1935, Fig. 2] provided with side bulbs and 
gas outlets. The aldehyde was placed in the side bulbs and was only mixed with 
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the enzyme solution after the flasks had been freed from oxygen by passing the 
gas. The gas mixture contained 95% N,+5% CO,, and it was completely freed 
from oxygen by passing it through a tube filled with copper heated to dull 
redness, the copper being prepared by the reduction of CuO wire containing a 
small amount of palladium. 

It was first necessary to determine the conditions for the complete removal 
of O, from the flasks. Measurements of the amounts of O, remaining in the 
flasks after passing the gas for different periods were made as follows. 3 ml. of 
M/2 NaOH were placed in the flasks of four manometers and 0-3 ml. of 1% 
pyrogallol in the right-hand side bulbs. Nitrogen was then passed at the 
standard rate of 200 ml. per min. through each flask and the flow of gas con- 
tinued for different lengths of time in the different manometers. After shaking 
for some time to obtain thorough equilibration, the pyrogallol was mixed with 
the alkali and the absorption of oxygen observed manometrically. Table I shows 
the amounts of oxygen in the flasks (volume about 35 ml.) remaining at different 
stages of the treatment with gas. 


Table I 
Time (min.) pl. O, 
2 46 
5 18 
10 5-5 
20 1 


In our experiments we therefore passed the gas for 15 min. so that the amount 
of oxygen remaining was insignificant, being less than 1 part in 10,000. After 
the passage of the gas the manometers were shaken for a further 5 min. with the 
gas delivery tubes still attached and the taps open, in order to obtain complete 
equilibration, before starting the reaction. The temperature was 38° throughout. 

Attention must be paid to a number of possible sources of error inherent in 
the method if reliable results are to be obtained, and these will now be deait with 
in turn. 

(1) During the passage of the large volume of gas a certain loss of volatile 
aldehyde is unavoidable ; this is, however, fairly constant and can be allowed for. 
With acetaldehyde under our standard conditions it amounts to about 20%. 
If necessary the loss may be reduced to a minimum by placing the aldehyde 
solution in Keilin tubes in which the exposed surface of the solution is less. 

(2) For technical reasons it is necessary to place the enzyme solution in both 
flasks and aldehyde in the right-hand flask only, and there will therefore be an 
uncompensated aldehyde vapour pressure which will be registered on the 
manometer. This must be determined by control experiments and subtracted 
from the experimental readings before converting them into volumes of CQ,. 
This vapour pressure correction only amounts to a few per cent, and Fig. 1 shows 
its magnitude with different initial amounts of acetaldehyde. 

(3) All the reactants should be adjusted initially to the correct pH as far as 
possible, but it is hardly possible to do so with sufficient accuracy to avoid small 
changes on adding them to the bicarbonate solution. It is therefore always 
necessary to do control experiments by adding them to bicarbonate solution 
without enzyme. 

(4) Owing to the protein content of the enzyme solution a part of the acid 
and the CO, is buiicved or “‘retained”’ by the protein and is therefore not shown 
on the manometer. This retention must be allowed for, and this can be done in 
two ways, either by constructing a retention curve for the enzyme solution, as 
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described by Dixon [1937], or more simply by adding small known amounts of 
acid and comparing the amounts of CO, evolved with the amounts which should 
theoretically be obtained. With fairly strong (4°) enzyme solutions it was found 
that the result of allowing for the effect of 
retention was to increase the readings by 
about 30%, but with the more purified 
preparations later obtained much more _ !20 
dilute solutions could be used and the effect 





140 


was thereby considerably reduced. = 100 
(5) Warburg found [1925] that even © 
slight dilution of a solution containing 2 
bicarbonate and protein in equilibrium < ” 
with a CO,-containing gas mixture pro- & 
duces a manometric displacement. This = 
is due to the dilution of the bicarbonate = , 
without a corresponding dilution of the = 4 
carbonic acid (which is kept almost con- 5 
stant by the gas mixture),so that the pH, —,, 
and therefore the amount of CO, retained 
by the protein, is altered. In order to avoid ° 
this effect our experiments were arranged 0 2 4 6 8 
as symmetrically as possible, i.e. the en- | Amount of acetaldehyde added (mg.) 
zyme solution and any reactants other Fig. 1. Vapour pressure correction with 
than the substrate were added to both acetaldehyde. 


flasks of the manometer, and an equal The amounts shown are those present 
volume of water was always added from _ Mitially; after passing the gas the amounts 
: ; : present are some 20% less. The volume of 
the left-hand side bulb to counterbalance the aldehyde solution in the side bulbs was 


the addition of the substrate from the 1 ml. throughout and the total liquid 
right-hand bulb. volume was 3-3 ml. In our routine experi- 
8 ments the amount of aldehyde was less 


Provided that attention is given to than 1 me. 
these points the manometric method has “ 
proved to be completely reliable, and it has great advantages over the chemical 
method, for it makes it possible to follow quantitatively every stage of the reac- 
tion on small amounts of material with a great saving of time compared with the 
chemical method. 


Results 


Numerous experiments were carried out on various preparations of the 
aldehyde oxidase of milk, using acetaldehyde, propionic, isovaleric and salicylic 
aldehydes and piperonal. Although these aldehydes are all very readily oxidized 
by these enzyme preparations in presence of oxygen or methylene blue, no trace 
of dismutation could be detected in any experiment, even in presence of cozymase. 
Curve A of Fig. 2 represents the results obtained. 

As this negative result was unexpected a search for possible explanations 
was made. It is known that the oxidase undergoes destruction in presence of 
aldehydes aerobically, but this is usually attributed to the formation of peroxides. 
We found, however, that the enzyme is also slowly destroyed in presence of 
aldehyde under strictly anaerobic conditions where peroxide formation is ex- 
cluded. Nevertheless this cannot account for the negative results, as the destruc- 
tion is fairly slow, and strong solutions of the enzyme were used so that the 
amount of destruction was unimportant and the solutions were always found to 
be highly active with methylene blue at the conclusion of the experiments. The 
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aldehyde was found to be present unchanged at the end. Milk is known to contain 
enzymes which destroy cozymase, but this cannot account for the absence of 
dismutation, for the destruction is relatively slow and in order to minimize it the 
cozymase was always added simultaneously with the aldehyde, so that there was 
no time for its destruction before the reaction should have begun. 

It is therefore clear that no dismutation occurs, even though active enzyme, 
cozymase and aldehyde are all present together, and the conclusion is therefore 
inevitable that the aldehyde oxidase of milk is not an aldehyde mutase. 








boiled 
mr ; unboiled 
2 X Theoretical for dismutation of methylglyoxal 150 
S' 300 e 
5 = 
7. 100 
S200 3 
be _ 
‘S100 s 
<q 
0 0 
0 100 200 300 0 50 100 
Time (min.) Time (min.) 
Fig. 2. Fig. 3. 


Fig. 2. Anaerobic acid production from various aldehydes by aldehyde oxidase of milk. 

Curve A represents the practically identical results obtained with the five aldehydes 
mentioned in the text, both with and without cozymase. 160 mg. of casein preparation 
or 40 mg. of whey preparation, 0-5 ml. M/50 aldehyde and 0-2 ml. cozymase solution were 
used. Curve B gives the results with 1-12 mg. methylglyoxal. 


Fig. 3. Action of boiled and unboiled oxidase preparations on methylglyoxal (0-5 mg.). 


In view of our results it is somewhat difficult to account for the positive 
results obtained by Wieland. Our experiments differ from his in several respects. 
(a) His experiments were carried out at 60°, whereas ours were done at 38°. In 
view of the fact that the enzyme is destroyed at about 65° we do not consider 
60° a suitable temperature for work on this system. Wieland & Macrae [1930], 
however, later carried out experiments at 37° by allowing the reaction to take 
place in the presence of Ba(OH), and estimating the acid produced by back 
titration. (b) Wieland used salicylic aldehyde, whereas most of our experiments 
were carried out on acetaldehyde. As stated above, however, we have also 
obtained negative results with salicylic aldehyde, and it is of interest that 
Parnas found that among several aldehydes which he tested salicylic aldehyde 
was completely inactive towards mutase. Wieland & Macrae later used acet- 
aldehyde also and observed an anaerobic acid formation. The reaction was, 
however, allowed to proceed for as long as 4000 min. and even after this time 
only about 10°% of the aldehyde added had been transformed. With salicylic 
aldehyde also only 10% of the amount added was transformed. Further 
(c) no cozymase was added in Wieland’s experiments, whereas it is now known 
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from Euler’s work that cozymase is necessary for the action of aldehyde mutase. 
Finally (d) our experiments were done on preparations of the oxidase made as 
described above, whereas Wieland’s experiments were carried out either on 
whole milk or on preparations made by other methods. We therefore tested 
numerous samples of fresh milk and obtained negative results in all cases but one. 
In this one case a rapid dismutation, accelerated by cozymase, was observed, but 
it was found that this reaction was not enzymic, for it occurred equally rapidly 
after boiling the milk. We were, however, never able to obtain another sample of 
milk showing this effect. 

The only aldehyde with which we have obtained positive results, using 
preparations of the aldehyde oxidase, is methylglyoxal (see curve B of Fig. 2). 
But it is to be observed that the amount of CO, produced is twice that which 
would be expected for a dismutation, i.e. every molecule of aldehyde produces 
one molecule of acid. Moreover, the product was identified as lactic acid and not 
pyruvic acid, so that the reaction may be described as a glyoxalase rather than 
a mutase reaction. It is, however, completely unaffected by the addition of 
glutathione, the coenzyme of glyoxalase. (In the absence of the enzyme prepara- 
tion the acid production from methylglyoxal was exceedingly slow.) On boiling 
the enzyme preparation it was found that the reaction was not enzymic (Fig. 3), 
but was due to a catalytic action of the proteins. A similar effect has been 
observed with casein peptone by Neuberg [1927]. We may mention that this 
effect is not observed in preparations made from tissues, but appears to be a 
characteristic property of milk proteins. 


EXPERIMENTS ON LIVER MUTASE 


Having shown that the aldehyde oxidase does not act as an aldehyde mutase, 
we investigated the aldehyde mutase of liver, in order to ascertain whether it acts 
as an aldehyde oxidase. 
; Materials 

At first preparations made from horse and pig liver by the method of 
Reichel & Kohle [1935] were used. Their method consists essentially in alternate 
precipitation by acetone-ether mixtures and extraction with water, repeated 
several times in succession. It was found that these mutase preparations usually 
had some oxidase activity, in accordance with the above authors’ observations. 
We found, however, that the following method gave preparations with a high 
mutase activity but no aldehyde oxidase activity. 

1 kg. of horse liver is passed twice through an ordinary mincer, 1200 ml. of water are added 
and the mixture is allowed to stand for an hour. The suspension is centrifuged, and to every litre 
of the resulting fluid 550 ml. of 95° alcohol are added. After leaving overnight at room tempera- 
ture the precipitate is centrifuged or filtered off, and the fluid is precipitated with 3 vol. of an 
acetone-ether mixture (3:1). The crude preparation thus obtained (about 15 g.) is washed with 
acetone and dried over CaCl, in vacuo. It is in nearly all cases completely free from the aldehyde 
oxidase, if horse or dog liver is used, but not always if pig liver is used. In order to purify it 
further it is dissolved in a small volume of water, dialysed for 24 hr. against running water, centri- 
fuged and the fluid heated for 10 min. at 55°, in order to get rid of as much inactive protein as 
possible. The resulting precipitate is removed by filtration or centrifuging and for routine work 
the fluid was precipitated with acetone-ether as described above (yield about 1 g.). For further 
purification it may be adsorbed on freshly prepared tricalcium phosphate, made by precipitating 
CaCl, with Na,;PO, and washing until chloride-free. The mutase may be eluted from the calcium 
phosphate with M/10 Na,HPO,, dialysed and precipitated with acetone-ether in the usual way. 
By this means it is possible to separate completely the mutase and the oxidase, the latter being 


relatively slightly adsorbed by calcium phosphate. 
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The resulting preparation is completely free from both aldehyde oxidase 
and alcohol dehydrogenase, but contains a very active aldehyde mutase. 
The mutase is soluble and completely stable both in the dried form and in 
solution. 


Results 

The dismutation of acetaldehyde by a mutase preparation completely free 
from oxidase is shown in Fig. 4, and it will be seen that the reaction is very rapid 
and that the amount of CO, produced corresponds with the amount calculated on 
the assumption that the process is a pure dismutation. This agreement must 
only be taken as approximate, as it is difficult to determine accurately the 
correction for the amount of aldehyde lost during the treatment with gas. The 
reaction is clearly enzymic, as is shown by the curve obtained in the control 
experiment with boiled enzyme. The slight initial liberation of CO, is always 
obtained with boiled enzyme solutions, and is apparently due to a combination of 
aldehyde with amino-groups and consequent slight increase of acidity, as in the 
formaldehyde titration. A much larger effect of this kind can be obtained by 
adding aldehyde to amino-acids in bicarbonate solutions. 

The total amount of CO, evolved is proportional to the amount of aldehyde 
taken, as shown in Fig. 5, and it is independent of the amount of enzyme. The 
addition of a further quantity of enzyme from the side bulb at the end of the 
experiment produces no effect, showing that the cessation of the reaction is not 
due to destruction of the enzyme. As a matter of fact the mutase was found to be 
much more stable than the Schardinger enzyme and does not undergo destruction 
in presence of aldehyde. 

The initial velocity is seen to depend on the aldehyde concentration, and this 
is shown more clearly in Fig. 6, from which it appears that under our usual con- 
ditions the enzyme is far from being saturated with aldehyde, for which it must 
have a rather low affinity. 

Although, as mentioned above, the final amount of CO, evolved is independent 
of the amount of enzyme, the initial velocity is proportional to it, as shown in 
Fig. 7. 

The quantities of bicarbonate and CO, in our experiments were usually 
selected so as to give a pH of 7-7, this being the optimum pH of the mutase 
according to Reichel & Ké6hle [1935, Fig. 1]. We have also varied the pH 
between 5-5 and 8-0 by altering the bicarbonate concentration and the CO, 
pressure and have confirmed the pH curve of these authors within these limits. 
It is not practicable to go beyond these limits by the manometric method used 
by us. 

Chemical estimations. In order to verify the production of alcohol by the 
dismutation and at the same time to compare the manometric and chemical 
methods a number of experiments were carried out in which parallel estimations 
of aldehyde and alcohol by chemical methods and of acid by manometric measure- 
ments were made. After a number of trials the following procedure for estimating 
aldehyde and alcohol was adopted as giving reasonably satisfactory results. 

The solution was first acidified with one-third of its volume of .M H,PO, and distilled in steam 
in vacuo (the apparatus of Parnas & Heller [1924] as used for ammonia estimations was found to 
be convenient if the usual receiver was replaced by a filter-flask cooled efficiently in a freezing 
mixture). During the distillation the temperature of the solution did not rise above 35°. The 
distillation was allowed to proceed until about 30 ml. of distillate from 3 ml. of solution were col- 
lected (about 20 min.). An aliquot part of the distillate was taken for iodimetric aldehyde estima- 
tion as used for lactic acid determinations by the method of Friedemann et al. [1927]. For the 
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Fig. 4. Dismutation of acetaldehyde by horse liver mutase. 
yde by 
Curve A: 36 mg. purified mutase preparation in 0-5% bicarbonate with 0-55 mg. acet- 
aldehyde (added at arrow). Curve B: control with boiled enzyme. 
Fig. 5. Course of reaction with different amounts of acetaldehyde. 
> 
100 mg. horse liver preparation. At the arrow a further 36 mg. of enzyme was added 
from the side bulb. The aldehyde was added from hanging tubes in this experiment. 
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Fig. 6. Effect of aldehyde concentration on initial velocity. 
18 mg. purified horse liver preparation in all cases. The velocities were obtained from the 
readings for the first 10 min., during which the reaction curves were linear. 


Fig. 7. Effect of varying concentration of enzyme. 
Curve A with 96 mg., curve B with 48 mg. of horse liver mutase, 0-5 mg. acetaldehyde 
in both cases. 
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alcohol estimation the aldehyde was removed from the remainder of the distillate by boiling for 
15 min. under reflux on a water-bath with freshly precipitated silver oxide and a little taleum in 
order to oxidize it to acid. The solution was then made alkaline with NaOH and distilled, the 
receiver being cooled in ice. The distillate was then distilled to dryness in vacuo at 60—-70°, the 
alcohol being received in N/10 K,Cr,O,, which was then heated to 100° in a closed vessel for 2 hr. 
After cooling, the solution was titrated with N/20 ferrous ammonium sulphate, using K,Fe(CN), as 
external indicator. 


A number of control estimations on known amounts of aldehyde and alcohol 
were first carried out in order to test the methods, as shown in Table II. In all 
these control experiments enzyme action was excluded by adding the phosphoric 
acid to the enzyme before the aldehyde and alcohol. In section A of the table the 
acidified solutions were used directly (without distillation) for the aldehyde 
estimations. It will be seen that the enzyme preparations alone contain neither 
aldehyde nor alcohol and that the retention of aldehyde by these preparations, 
unlike the milk proteins, is only slight. In section B of the table the estimations 
were carried out with the preliminary distillation exactly as described above. The 
results show that no retention of alcohol by the proteins takes place, but that a 
slight unavoidable loss of both alcohol and aldehyde occurs during the distilla- 
tion. The cozymase solution was found to contain small amounts of alcohol. In 
section C the procedure of the manometric experiments was duplicated, except 
that, as stated above, the enzyme was first acidified with phosphoric acid. The 
reagents were placed in manometers in the usual way and mixed after the 
standard amount of gas had been passed through. The solutions were then re- 
moved from the flasks and the estimations carried out as in section B (except in 
the first case, in which the distillation was omitted). Thus the figures in 
section C include the losses during the treatment with gas. 


Table II. Control estimations for testing methods 





Added Found 
( ne hme oh SS . eS eee 
Alcohol Aldehyde Alcohol Aldehyde 
mg. mg. mg. mg. 
A. Enzyme 0 0 0 0 
Enzyme 0 10 0 9-2 
Boiled enzyme 0 10 0 9-0 
B. Enzyme 5 0 4-7 0 
Water 5 0 4:3 0 
Water 5 5 4-75 3-9 
Enzyme + cozymase 0 0 0-09 Trace? 
C. Enzyme 0 10 — 8-2 
Enzyme 5 0 4-42 — 
Enzyme 55 5 4-08 3-15 
Enzyme 5 5 3-90 3-42 


The actual dismutation experiments were carried out in manometers, the 
procedure being the same as that described earlier, except that in order to obtain 
satisfactory estimations it was necessary to use amounts of aldehyde larger 
than those used in the ordinary manometric experiments. The amounts of acid 
produced were consequently too large for measurement by the ordinary mano- 
meters, and it was necessary to use Clerici solution instead of paraffin in the 
manometer tubes in order to keep the readings within the range of the scale. 
In other respects the experiments were carried out as usual; the acid production 
was followed by the manometric readings, and after a sufficient period of time the 
manometers were removed from the thermostat and the flasks were rapidly 
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cooled in ice-water before opening to minimize losses of aldehyde and alcohol. 
The alcohol and aldehyde in the contents of the flasks were then estimated as 
described above. 


The results are shown in Table III, section A. The amounts of aldehyde re- 
maining after passing the gas (col. 5) must not be taken as very accurate, as they 
could only be determined in parallel control experiments. In the last four columns 
of the table the amounts of alcohol and acid have been reduced to their equivalents 
in mg. of aldehyde, in order to compare the various quantities. In calculating 
these figures from the actual observations given in cols. 6 to 8 account has been 
taken of the fact that the true values are always slightly larger than the esti- 
mated values, as shown in Table II, and the figures have been corrected accord- 
ingly. The acid produced (col. 11) is of course calculated from the manometric 
CO, measurements (col. 8). It will be seen that the amounts of alcohol produced, 
as found by chemical estimations, are approximately the same as the amounts 
of acid measured manometrically, showing that the reaction is a simple dis- 
mutation. The agreement leaves something to be desired, but we attribute this 
to the technical difficulties of the chemical method rather than to errors in the 
manometric method, which we consider gives the more reliable results. 

Some experiments were also carried out in phosphate, in the absence of 
bicarbonate and CO,, and in air instead of nitrogen, and one of these is shown in 
section B. In this case, of course, the acid produced cannot be estimated 
manometrically, but it was estimated by titrating the first distillate with NaOH. 
The enzyme preparation itself contained a considerable amount of volatile acid, 











; ; i 
as shown in the blank experiment, and this was subtracted from the experimental 
titration figure to obtain the acid produced by the dismutation. : 

i 
Table III. Dismutation of acetaldehyde : 
é 
Dura- Aldehyde Total é 
tion left Estimated at end Finally present (in mg. of | aldehyde 7 
Co- of Aldehyde after — aldehyde) accounted 7 
Prepara- zymase exp. added passing Aldehyde Alcohol CO, 0 ——_____— for } 
tion added hr. mg. gas mg. mg. al. Aldehyde Alcohol Acid mg. ‘ 
A. Bicarbonate and N,+CO, 
Horse liver + 1 ad 45 0-9 1-0 768 1-1 1-10 1-51 3-71 a 
+ 3 55 4:5 Trace 1-92 1145 Trace 2-08 2- 4°33 ‘ 
+ 2 11-0 85 0-46 3-3 1790 0-55 3-58 7-64 
+ 4 8-8 7-0 0 3-2 1206 0 3-48 5-85 
Dog liver 3 55 45 Trace 2-1 1451 Trace 2-28 5:13 fe 
— 3 55 45 2-1 0-09 67 2-5 0-10 2-73 
B. Phosphate and air j 
Acid 
ml. .V/100 
Dog liver - 34 6-0 5-0 0-04 2-13 5-68 0-04 2-30 1-64 3-98 
Blank 0 i) — Trace 2-02 — _ _— — 


Tests for oxidase. Many experiments were carried out on the oxygen uptake 
of aldehyde in presence of the purified mutase preparations. These experiments 
were done in the usual way in ordinary Barcroft manometers in the absence of 
bicarbonate, the flasks being filled with air. (The dismutation was shown to 
proceed equally well in phosphate buffer without bicarbonate and CO,.) No 
trace of oxygen uptake could ever be detected even with the addition of 
cozymase, flavin, flavoprotein, cytochrome c and indophenol oxidase. With 
these preparations the dismutation of aldehyde can actuslly be carried out 
equally well in the presence of oxygen, as shown in Table ITI. 
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Similarly, tests with methylene blue were also entirely negative. The 
enzyme preparations do not reduce methylene blue even in many hours and the 
addition of aldehyde produces no increase of reducing power. The alcohol 
dehydrogenase was also found to be completely absent from these preparations— 
a point to which we shall return later. The crude preparations on the other 
hand contain both these enzymes in addition to the mutase and their presence is 
readily shown by the methylene blue technique. They can, however, be com- 
pletely removed from these preparations by the method of purification previously 
described. We suggest that the oxidations of aldehyde with methylene blue and 
oxygen which were observed by Reichel & Kéhle were due to the presence of 
traces of aldehyde oxidase in their mutase preparations. 


INHIBITORS 
Further evidence for the non-identity of the mutase and oxidase is provided 
by the effect of inhibitors, in particular iodoacetate and cyanide. M/100 
iodoacetate has no appreciable action on the aldehyde oxidase, as shown in 
Table IV. In these experiments the enzyme was incubated with the iodo- 
acetate for half an hour before testing. On the other hand iodoacetate inhibits 


Table IV. Effect of M/100 iodoacetate on reduction of methylene blue 


Reduction time 
Control ———$ A — 


without With aldehyde and 
Enzyme aldehyde With aldehyde iodoacetate 
Milk oxidase « 6 min. 45 sec. 7 min. 45 sec. 
Milk oxidase 1D ye: 4 , 15 
Acetobacter suboxidans* oO ie: ue -.. & 
(resting) 
Kidney mutase (crude) 0 ae S| Ot. Bi Bs 
Liver mutase (crude) oO 2 hr. 2 hr. 
With hypoxanthine 
With hypoxanthine and iodoacetate 
Milk oxidase 20 53 sec. 54 sec. 


* This was tested because the acetic bacteria generally are known to produce acetic acid and 
alcohol in equimolecular proportions. It was thought that this reaction might be due to aldehyde 
mutase, but although an aldehyde oxidase was present we could detect no trace of mutase in this 
strain, 


the mutase completely, as shown in Fig. 8. It will be seen that, as usual, the 
action of the iodoacetate takes a few minutes to develop. In this experiment 
the iodoacetate was added simultaneously with the aldehyde and cozymase at 
the point marked by the arrow. In presence of glutathione less complete inhibi- 
tion is obtained; crude preparations therefore show less effect. 

Dixon & Keilin [1936] found that aldehyde oxidase is completely and 
irreversibly destroyed by incubation with cyanide, and this effect was shown by 
Leloir & Dixon [1937] to be a characteristic property of this enzyme, not shared 
by other oxidizing enzymes. In general it is not possible to study the influence 
of cyanide in presence of aldehyde, since they combine to form a cyanohydrin; 
but, as the inactivation by cyanide is irreversible in this case, the effect may be 
used as a means of selective destruction of the oxidase, for the enzyme prepara- 
tion may be treated with cyanide and the cyanide removed before testing with 
aldehyde. It was therefore thought that it might be possible to make use of this 
effect in order to get rid of the aldehyde oxidase from the mutase preparation. 
A crude mutase preparation containing a small quantity of aldehyde oxidase was 
therefore treated in accordance with Dixon & Keilin’s procedure as follows. 
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A 10% solution of crude horse liver mutase preparation was divided into two 
parts. To one part neutralized cyanide was added to give a concentration of 
M/100 and both portions were allowed to stand for half an hour. They were 
then precipitated with acetone-ether in the usual way, washed thoroughly with 
acetone and dried in vacuo. The two fractions were then redissolved and tested 
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Fig. 8. Fig. 9. 


Fig. 8. Action of M/100 iodoacetate on dismutation of acetaldehyde. 
18 mg. purified horse liver mutase dialysed 18 hr. (practically glutathione-free). 0-8 mg. 
acetaldehyde + 0-04 mg. cozymase (ACo 600,000) +iodoacetate (in curve B only) added at 
arrow. 


Fig. 9. Effect of cyanide treatment on mutase. 
180 mg. crude horse-liver mutase with 0-8 mg. acetaldehyde. Curve A with untreated 
enzyme, curve B with enzyme previously treated with cyanide as described in the text. 


as usual for mutase and oxidase activity. It will be seen from Fig. 9 that the 
mutase activity is quite unaffected by this treatment, whereas the oxidase had 
been completely destroyed (see Table V). 

Table V. Effect of cyanide treatment on oxidase 


Reduction time of methylene blue 





a i 
Without aldehyde With aldehyde 
Control oo 2 hr. 
Cyanide-treated a) No detectable reduction 
in 24 hr. 


The use of cyanide therefore gives an additional method of preparing 
oxidase-free mutase and provides further proof of the non-identity of the two 
enzymes. Thus by using iodoacetate or cyanide it is possible to poison either 
enzyme independently of the other. 

M/100 phloridzin and fluoride were found to have no action on the mutase. 


CoENZYMES 


A further point of difference between the two enzymes is connected with 
the question of coenzymes. It is well known that the aldehyde oxidase does 
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not require the addition of any coenzyme; in fact the addition of cozymase 
slows the reaction, as shown in Table VI, which gives an experiment on the 
milk enzyme. The inhibition is probably due to the fact that cozymase is an 
adenine compound and, as Dixon & Thurlow [1924, 2] first showed, adenine 
compounds strongly inhibit this enzyme. 


Table VI. Effect of cozymase on the milk oxidase 


Reduction time of 
methylene blue 


Enzyme alone 00 
+ cozymase 4 hr. 
»  +hypoxanthine 40 sec. 
»  +hypoxanthine + cozymase 50 
a +aldehyde 2 min. 20 ,, 
+aldehyde + cozymase Sig Sse 


On the other hand we have confirmed the statement of Euler that cozymase 
is necessary for the action of the aldehyde mutase. This is not immediately 
obvious with crude horse liver preparations, which are active without the 
addition of any cozymase, even after long dialysis. Fig. 10 shows the effect of 
adding cozymase to dialysed and undialysed preparations. It will be seen that 
the addition of cozymase produces no effect with the undialysed preparation. 
Dialysis considerably reduces the activity, and after the dialysis the addition of 
cozymase produces a marked acceleration, which indicates that the reduction in 
velocity is due to the removal of a large part of the cozymase by dialysis. The 
effect is seen still more clearly in Fig. 11. 

In all these cases although the activity is reduced considerably by dialysis 
it is never reduced to zero. We believe that the residual activity is still due to 
traces of cozymase which are very difficult to remove by dialysis. This view is 
supported by experiments on dog liver preparations.1 Mutase preparations from 
dog liver are almost always completely inactive without the addition of cozymase, 
as shown in the first part of Fig. 12. The difference in the behaviour of horse and 
dog liver preparations is apparently due to the fact that the latter contain an 
enzyme which destroys cozymase. This is easily shown by incubating cozymase 
with the enzyme preparations for some time before adding the aldehyde. In this 
case no dismutation occurs, although on the subsequent addition of a further 
quantity of cozymase a rapid reaction takes place. 


The cozymase used in most of our experiments was prepared from baker’s yeast. Boiled extract 
prepared in the usual way was first precipitated with normal lead acetate, the precipitate dis- 
carded and the cozymase then precipitated successively with mercury, phosphotungstic acid and 
silver. This preparation naturally contained other substances in addition to the cozymase, e.g. 
glutathione, but no differences were observed in comparison with a more highly purified prepara- 
tion kindly given to us by Dr D. E. Green, and moreover through the kindness of Dr Greville we 
were able to test the mutase preparations with a cozymase preparation of ACo 600,000, which was 
found to act on the mutase in exactly the same way as our cozymase preparations. 


The manner in which the initial velocity of dismutation of acetaldehyde 
varies with the amount of cozymase added is shown in Fig. 13. This experiment 
was carried out with the pure cozymase (ACo 600,000). 

1 Dog liver was tried in the first place because it was stated [Jones & Austrian, 1906; Schitten- 
helm, 1909; Morgan, 1926] to contain no xanthine oxidase (now identified with aldehyde oxidase) 
and it was therefore hoped to obtain an oxidase-free mutase preparation from it. We found, 
however, that crude preparations from dog livers always show xanthine and aldehyde oxidase 


activity. 
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Fig. 10. Effect of cozymase on dialysed and undialysed preparations. ' 
96 mg. horse liver mutase with 0-5 mg. acetaldehyde. Curve A with undialysed enzyme, 
curve B with enzyme dialysed 18 hr. Cozymase added at arrows. 
Fig. 11. Effect of cozymase on dialysed and undialysed preparations. 
In each case curve A shows the reaction without cozymase, curve B with cozymase added 
initially a -<t curve C with cozymase added at the arrow. : 
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Fig. 12. Effect of various coenzymes on mutase. 
: | y 
18 mg. purified dog liver mutase with 0-8 mg. acetaldehyde. Curve A is with cozymase, 
curve B with coenzyme II, curve C with adenylpyrophosphate and trigonellin, curve D with 
reduced glutathione (0-02 mg.). In all cases the coenzymes were added at the second arrow. { 


Fig. 13. Effect of cozymase concentration on initial velocity. 
18 mg. purified horse liver mutase dialysed 15 hr. with 0-8 mg. acetaldehyde. Pure 
cozymase (ACo 600,000) was used in this experiment. 
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A number of other possible coenzymes were also tested with dog-liver prepara- 
tions, these being the most suitable for this purpose, since they are entirely in- 
active without coenzyme. Although closely related chemically to cozymase, the 
Warburg coenzyme (coenzyme II) (a cozymase-free preparation of which was 
kindly given to us by Dr Green) was found to be completely inactive, as were 
also adenylpyrophosphate, glutathione and trigonellin (see Fig. 12). The 
coenzyme action is thus quite specific. 


OTHER ALDEHYDES 


A further point of difference between the mutase and the oxidase is shown 
by their behaviour towards different aldehydes. The oxidase acts on both ali- 
phatic and aromatic aldehydes ; of the former, the lower members of the series (for- 
mic, acetic, propionic) are especially readily oxidized ; of the latter, benzaldehyde, 
salicylic aldehyde and, best of all, piperonal, which has a very high affinity for 
the enzyme. The mutase, on the other hand, acts best on acetaldehyde and pro- 
pionic aldehyde, less readily on the higher members of the series, and practically 
not at all on aromatic aldehydes. Parnas found no dismutation with benz- 
aldehyde or salicylic aldehyde; we have obtained an insignificant effect with 
salicylic aldehyde and none at all with piperonal. Glyceric aldehyde (dl-) showed 
a rather slow but steady dismutation with our preparations: Embden [1912] 
had shown the same reaction with liver extracts. We found, however, that d- 
glyceric aldehyde (obtained from Prof. H. Fischer through the kindness of Drs J. 
Needham and Lehmann) underwent dismutation more than five times asrapidly as 
the dl- form, which suggests that the /-glyceric aldehyde has an inhibitory action. 

We have also carried out a number of experiments with methylglyoxal, but 
a final conclusion was not reached. The main difficulty is the presence of gly- 
oxalase in our mutase preparations, so that the methylglyoxal is rapidly con- 
verted into lactic acid instead of pyruvic acid and acetol, which would pre- 
sumably be the products of mutase action. This could be avoided either by 
freeing the mutase from glyoxalase or by removing alli traces of glutathione, 
without which the glyoxalase is inactive. (Lohmann has shown that pure 
cozymase does not activate glyoxalase.) Attempts were made to separate the 
mutase and glyoxalase by various means, such as fractional adsorption, 
fractional precipitation by salts and by chloroform, alcohol or acetone, and 
treatment by heat, acid and alkali. Although by several of these methods we 
were able to obtain very active preparations of glyoxalase free from mutase, we 
were unable to obtain mutase free from glyoxalase. Glyoxalase appears to be a 
very resistant enzyme in comparison with mutase, and highly purified prepara- 
tions may be made either by precipitation with chloroform and alcohol, according 
to the procedure of Tsuchihashi [1930], or by fractional precipitation with alcohol 
alone. Alternatively, the greater part of the proteins may be precipitated with 
very dilute CuSO,, and after prolonged dialysis of the filtrate the enzyme may 
be precipitated with acetone. This procedure destroys the mutase completely, 
but gives a highly active glyoxalase preparation. 

As we were unable to obtain the mutase without glyoxalase, we attempted to 
attain our object by removing all traces of glutathione from the system. 
Exceedingly small traces are sufficient to activate the glyoxalase, but by efficient 
dialysis it is possible to reduce the velocity of acid production from methyl- 
glyoxal without added cozymase to a very low level. We then found that 
ordinary cozymase preparations contain quite enough glutathione to activate 
the glyoxalase, as could be shown by testing with the mutase-free glyoxalase 
preparations. We found, however, that the pure cozymase (ACo 600,000) was 
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quite free from glutathione (see Fig. 14). We therefore tested the effect of this 
pure cozymase on the action of a dialysed mutase preparation on methylglyoxal. 
As shown in Fig. 15 the addition of the cozymase increased the reaction velocity 
by several hundred per cent. As this particular cozymase activated the mutase, 
but was quite incapable of activating the glyoxalase, the acceleration may be 
taken as evidence that aldehyde mutase can act on methylglyoxal. The rate of 
the reaction is, however, not very great and under normal conditions it would 
probably be completely overshadowed by the glyoxalase reaction. 
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Fig. 14. Fig. 15. 


Fig. 14. Activation of glyoxalase by crude and pure cozymase. 

18 mg. purified glyoxalase (free from mutase) with 1-6 mg. methylglyoxal. Curve A 
without cozymase, curve B with 0-2 mg. pure cozymase, curve C with the usual amount of 
the ordinary cozymase solution. 

Fig. 15. Action of horse liver preparation on methylglyoxal. 

18mg. mutase with 1-6 mg. methylglyoxal. Curve A with enzyme dialysed 10 hr., 
curve B with undialysed enzyme. 0-04 mg. pure cozymase (curve A) and 0-05 mg. reduced 
glutathione (curve B) added at arrows. 

Attempts to demonstrate the formation of pyruvic acid from methylglyoxal 
were unsuccessful. No pyruvic acid could be detected with 2:4-dinitrophenyl- 
hydrazine after deproteinizing with trichloroacetic acid. It appears, however, 
that pyruvic acid itself may undergo a further reaction in presence of the enzyme 
preparations. In some cases we have observed two phases in the reaction curve 
with methylglyoxal, first the production of an amount of CO, corresponding 
roughly with a dismutation, and afterwards a slower but steady production of a 
further quantity of CO,. On adding pyruvate itself to the preparations a reaction 
curve resembling the second phase was obtained, and by applying the mano- 
metric method of Dixon & Keilin [1933] it was shown that this was due to the 
production of newly formed CO, from the pyruvate, as distinct from CO, 
liberated from the bicarbonate by acid formation. Some other mutase prepara- 
tions however, particularly those which had been kept for some time, had no 
obvious action on pyruvate; but even with these we could not demonstrate 
pyruvate formation from methylglyoxal. The question of the products of the 
action of mutase on this aldehyde must therefore remain open. 
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Discussion 

We may sum up the evidence for the view that the aldehyde oxidase and the 
aldehyde mutase are distinct enzymes as follows. 

(1) The Schardinger oxidase has no mutase activity. In this connexion it 
should be mentioned that Michlin & Severin [1931] have already shown that the 
aldehydrase of the potato has no mutase activity, but it is well known that this 
is a quite distinct enzyme from the Schardinger enzyme, for it differs from the 
latter in the shape of its pH curve, it only reacts with methylene blue within a 
very narrow pH range, it probably does not react with oxygen, and it does not 
activate purine bases [v. Bernheim, 1928]. Michlin & Severin still believed in the 
identity of the mutase with the Schardinger oxidase [v. Dixon & Lutwak-Mann, 
1937, 2]. 

(2) The aldehyde mutase of animal tissues has no oxidase activity and when 
both enzymes are present together they can be separated by various means. 

(3) The two enzymes can be inhibited independently: the oxidase can be 
completely inhibited by cyanide treatment without affecting the mutase, whilst 
the mutase can be inhibited by iodoacetic acid without affecting the oxidase. 

(4) The mutase depends on cozymase for its activity, whereas the oxidase is 
independent of coenzymes. 

(5) The oxidase acts on both aliphatic and aromatic aldehydes, the mutase 
does not appear to act on aromatic aldehydes. 

Taken together, this evidence seems to us to be conclusive. 

The fact that the aldehyde mutase is distinct from the mutase raises a 
number of points of unusual interest relating to the nature and mechanism of 
action of the mutase. Three hypotheses have been put forward. 

(a) The view of Wieland that the mutase is identical with the oxidase. We 
consider that this view is inconsistent with our results. 

(b) The interesting suggestion was made to us by Dr Green that the mutase 
might be a linked dehydrogenase system, consisting of aldehyde oxidase and 
alcohol dehydrogenase with cozymase acting as a carrier. It is well known that 
the alcohol dehydrogenase is a reversible enzyme and reduces aldehyde to alcohol 
in presence of reduced cozymase. The suggestion was that one molecule of 
aldehyde activated by the aldehyde oxidase reduced a molecule of cozymase, 
which in turn reduced a second molecule of aldehyde activated by the alcohol 
dehydrogenase, in accordance with the following scheme: 


Aldehyde 





Cozymase———Akc leh yde 
Aldehyde oxidase Alcohol ileatibiiiaies 

This attractive suggestion, however, could not be verified and appears to be 
inconsistent with some of the above-described results. In the first place all 
attempts to reconstruct such a system from isolated aldehyde oxidase and alcohol 
dehydrogenase proved unsuccessful. We were unable to detect any trace of 
dismutation using cozymase, flavin, flavoprotein, methylene blue or benzyl- 
viologen (either separately or in combination) as carriers. It is however always 
possible that the carriers used were unsuitable, and that with other carriers the 
reaction could be brought about. In the second place, as stated above crude 
mutase preparations, containing both aldehyde oxidase and alcohol dehydro- 
genase, could be completely freed from these two enzymes without affecting the 
mutase activity. There is no difficulty in detecting small amounts of these 
enzymes when present in the mutase preparations, and the conclusion is in- 
evitable that they do not form components of the mutase system. This is also 
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shown very clearly for the case of the oxidase by the results of cyanide treat- 
ment. 

(c) Our present view is that aldehyde mutase is an enzyme or enzyme system 
of a distinct type, and we consider that this is shown by the results given in this 
paper. There are reasons for thinking that it may not be the only example of this 
type, but that other dismutation reactions may be brought about in the tissues 
by other enzyme systems of the same class. 

While we cannot say with certainty what is the mechanism of the mutase 
reaction, some suggestions may be made with a certain degree of probability. 
As all the known actions of cozymase are due to its power of acting as a hydrogen 
carrier it may be assumed to act in this way in the mutase system, in which case 
the dismutation would consist of two consecutive reactions. It seems clear that 
the function of the cozymase is to transport hydrogen from the aldehyde molecule 
which undergoes oxidation to the aldehyde molecule which undergoes reduction. 
We may suppose that these two aldehyde molecules are activated by two dif- 
ferent active centres. One of these centres presumably activates the aldehyde so 
that it can undergo oxidation to the acid, thus resembling the aldehyde oxidase, 
from which however it differs in being able to react with cozymase and being 
unable to react with oxygen or methylene blue, like some of the anaerobic 
dehydrogenases. The other active centre presumably activates the other mole- 
cule of aldehyde in such a way that it undergoes reduction to alcohol in presence 
of reduced cozymase, thus resembling the alcohol dehydrogenase, from which 
however it differs in being unable to catalyse the oxidation of alcohol. It is 
impossible at present to say whether both active centres are situated on one and 
the same enzyme or whether they are situated on two different enzymes. Up to 
the present, however, we have been unable to resolve aldehyde mutase into two 
fractions. The question whether the mutase is a single enzyme or a system of 
enzymes must at present be left open. 


SUMMARY 


Aldehyde oxidase (Schardinger enzyme) does not dismute aldehydes, does not 
depend on coenzymes for its activity, is inactivated by cy anide but not by 
iodoacetate and acts on both aliphatic and aromatic aldehydes. 

Aldehyde mutase dismutes but does not oxidize aldehydes, depends on 
cozymase for its activity, is inactivated by iodoacetate but not by cyanide and 
acts on aliphatic but not on aromatic aldehydes. 

It is concluded that aldehyde mutase is a distinct enzyme or enzyme system. 

Neither aldehyde oxidase nor alcohol dehydrogenase is a component of the 
mutase system. 

Purified cozymase (ACo 600,000) acts very efficiently as comutase. Co- 
enzyme II (Warburg coenzyme), adenylpyrophosphate, trigonellin and glu- 
tathione are inactive. 


We wish to express our thanks to Sir F. G. Hopkins for his interest in this 
work. One of us (C. L.-M.) is especially grateful to him for his hospitality which 
enabled her to carry out this work in his department. We are also much 
indebted to Prof. E. Friedmann for preparing the methylglyoxal for us and for 
advice on many chemical points. 
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(Received 29 June 1937) 


THE experiments to be described in this communication are the outcome of a 
chance observation made in connexion with a previous inquiry [Johnson & 
Zilva, 1937]. In that investigation on the reversible oxidation of l-ascorbic acid 
by vegetable enzymes, a differentiation was made between oxidation by enzymes 
of the type described by Szent-Gyérgyi [1930; 1931], present in cabbage, 
cauliflower, cucumber etc., which oxidize the acid directly and by the phenolases, 
such as exist in the potato and apple, which cause the oxidation of the acid 
indirectly. The latter was shown in the first place [Zilva, 1936] to be able to 
oxidize d-gluco-ascorbic acid (3-keto-d-glucoheptonofuranolactone) which is not 
antiscorbutically active. Johnson & Zilva [1937] have since demonstrated that 
the enzyme which oxidizes l-ascorbic acid directly also oxidizes this homologue. 
In the experiments designed to prove this fact, l-ascorbic acid was used as a 
substrate in a control series of determinations in order to ensure that the enzyme 
was fully active. It was then observed that the oxidation of the latter proceeded 
at a much higher rate than that of d-gluco-ascorbic acid. On repeating the 
experiment it was found that the observation was reproducible. As a consequence 
of this and of the fact that a relationship has already been established between 
stereochemical structure and retention in the animal body on the one hand, and 
the antiscorbutic activity of the analogues of ascorbic acid on the other [Zilva, 
1935, 1, 2], it was decided to study the kinetics of the direct enzymic oxidation of 
these compounds in detail. 
Technique 


On account of the great accuracy of the method and of the shortage of experi- 
mental material recourse was made to the determination of the rates of oxidation 
of ascorbic acid and its various analogues by means of a Warburg respirometer. 
According to the purity of these compounds, 10-12 mg. of the substance were 
dissolved in 4-0 ml. of M/15 KH,PO, (made up in quartz-distilled water) pH 6-0, 
the optimum for the activity of the enzyme. Immediately before beginning the 
experiment 0-5 ml. of each solution was titrated with 1-14N/200 2:6-dichloro- 
phenolindophenol in order to ascertain the actual concentration of the ascorbic 
acid compound. | ml. of these solutions, equivalent to about 2-5 mg. of ascorbic 
acid was pipetted into a Warburg respirometer flask of about 16 ml. capacity. 
The enzyme was introduced into the side limb of the flask as 1-0 ml. of cucumber 
juice prepared by the procedure already described [Johnson & Zilva, 1937]. In 
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the corresponding controls the enzyme solution was replaced by 1-0 ml. of 
M/15 KH,PO,. In order to ensure that none of the absorbed oxygen was due to 
the enzyme solution itself, 1-0 ml. of buffer and 1-0 ml. of cucumber juice were 
employed as an additional control. It was in fact invariably found that the 
flask containing this mixture, as well as the flasks containing the control 


- ascorbic acid solutions or solutions of its analogues, actually behaved in the same 


manner as the thermobarometer which contained 2-0 ml. of the buffer solution. 
The determinations were made at 26°. At the end of the experimental period the 
contents of the flasks were acidified with 0-5 ml. of glacial acetic acid in order to 
arrest the action of the enzyme and titrated with indophenol. Only in the case 
of the analogues where the enzymic reaction proceeded slowly was any residue of 
the compound found. The controls seldom showed any significant fall from the 
original titre. 
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Exp. 1. In this original experiment the precipitated enzyme of the marrow 
was used and the oxidation of l-ascorbic acid and of d-gluco-ascorbic acid was 
followed up by titration with indophenol. Into each of a series of tubes were intro- 
duced a quantity of enzyme equivalent in activity to 1-0 ml. of the original marrow 
juice and 0-7 mg. of l-ascorbic acid or the equivalent quantity of its homologue 
dissolved in 2-0 ml. of M/15 KH,PO,, pH 6-0. At specified times 0-5 ml. of glacial 
acetic acid was added to the tubes to stop the action of the enzyme and the 
resulting solution was titrated with 1-14 N/1000 indophenol. It will be seen from 
Table I that the oxidation of d-gluco-ascorbic acid proceeded much more slowly 
than that of J-ascorbic acid. The latter compound was fully dehydrogenated by 
the enzyme in 2-3 hr. whilst only about two-thirds of the former was oxidized in 
4 hr. under the same conditions. As already mentioned this result was found 
to be reproducible. 
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Table I. A comparison of the rates of oxidation of |-ascorbic and d-gluco- 
ascorbic acids by marrow juice ascorbic acid oxidase 





mg. l-ascorbic acid in 2-0 ml. of mg. d-gluco-ascorbic acid in 2-0 ml. 
test solution of test solution 
t " ~~ ea ~ - —_ cy 7 ee ee 
l-Ascorbic acid d-Gluco-ascorbic 
and precipitated acid and precipi- 
marrow juice d-Gluco-ascorbic tated marrow 
l-Ascorbic acid in enzyme in M/15 acid in M/15 juice enzyme in 
Time M/15 KH,PO, KH,PO, KH,PO, M/15 KH,PO, 
in hr. pH 6-0 pH 6-0 pH 6-0 pH 6-0 
0 0-70 0-70 0-82 0-82 
0-25 0-70 0-50 0-82 0-74 
0-50 0-70 0-43 0-82 0-67 
1-0 0-70 0-36 0-82 0-56 
15 0-70 0-32 0-82 0-49 
2-0 0-70 0-15 0-82 0-42 
3-0 0-70 0-00 - aes 
4-0 — — 0-82 0-24 


Note. 0-70 mg. l-ascorbie acid and 0-82 mg. d-gluco-ascorbie acid possess equal indophenol- 
reducing capacities, viz. 7-0 ml. 1-14 N/1000 2:6-dichlorophenolindophenol. 
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Exp. 2. Since determinations could only be carried out on four compounds 
at a time in the Warburg respirometer, the rates of oxidation of the following 
compounds were studied in this experiment. /-Ascorbic acid (3-keto-l-gulono- 
furanolactone), d-arabo-ascorbic acid (3-keto-d-gluconofuraiolactone), d-ascorbic 
acid (3-keto-d-gulonofuranolactone) and /-arabo-ascorbic acid (3-keto-l-glucono- 
furanolactone). All these compounds contain six carbon atoms; whilst in the 
first two the ring engages the hydroxyl group attached to the fourth carbon 
atom on the right of the carbon chain, in the last two this takes place to the left. 
The experiment was carried out twice on consecutive days, the same preparation 
of the enzyme being used. The results of both series of determinations are repre- 
sented graphically in Fig. 1. They show that in spite of the slight deterioration 
in the activity of the enzyme, as found on the following day, the compounds fall 
into two distinct groups as regards their rates of oxidation. These groups are 
characterized by the position of the oxygen bridge in the respective analogues. 
Thus l-ascorbie acid and d-arabo-ascorbic acid, with the oxygen bridge to the 
right of the carbon chain, were oxidized much more rapidly than their respective 
enantiomorphs. 
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Exp. 3. The rates of oxidation of seven-carbon analogues were compared 
with that of /-ascorbic acid in this experiment. The following were investigated : 
d-gluco-ascorbic acid (3-keto-d-glucoheptonofuranolactone), d-galacto-ascorbic 
acid (3-keto-d-galactoheptonofuranolactone), J-gluco-ascorbic acid (3-keto-l- 
glucoheptonofuranolactone) and /-galacto-ascorbic acid (3-keto-l-galactoheptono- 
furanolactone). In a first determination these homologues were compared 
amongst themselves. In a second determination /-galacto-ascorbic acid, d- 
galacto-ascorbic acid and d-gluco-ascorbic acid were compared with l-ascorbic 


acid. In both determinations the same preparation of the enzyme was employed. by 
All the results are given graphically in Fig. 2. Here the relationship between the 
position of the oxygen ring with respect to the carbon chain and the rate of 
oxidation is similar to that observed in the previous experiment. Thus the : 


oxidation of the /-forms, which have the oxygen ring to the right of the carbon 
chain, proceeds much more rapidly than that of the corresponding d-forms. 
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Exp. 4. By comparing Figs. 1 and 2 it will be seen that besides the fact that 
the rates of oxidation of l-ascorbic acid and its analogues were influenced by the 
position of the oxygen ring with respect to the carbon chain, the number of atoms 
in the molecule also seems to have had an influence on the kinetics of the 
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reaction. For instance in the group of the more slowly oxidizable compounds, 
in which the hydroxyl group is engaged by carbon atom four to the left of the 
carbon chain, the seven-carbon compounds appeared to be dehyrogenated less 
rapidly than the corresponding six-carbon analogues. The comparison of the two 
experiments becomes more significant when the fact is taken into consider- 
ation that the experiments were carried out on consecutive days using the 
same enzyme preparation. It was, however, desirable to perform a separate 
experiment in order to obtain confirmation of this phenomenon. The rate of 
oxidation of the six-carbon compounds, d-ascorbic acid and /-arabo-ascorbic 
acid was therefore compared with that of the seven-carbon analogues d-gluco- 
ascorbic acid and d-galacto-ascorbic acid. It will be seen from Fig. 3 that the 
difference in the rates of oxidation previously observed is confirmed by this 
experiment. 


DIscUSsSION 


The results of the investigation are summarized in Fig. 4. The curves for 
l-ascorbie acid, d-arabo-ascorbic acid, d-ascorbic acid and l-arabo-ascorbiec acid 
are constructed from the averages of the duplicates shown in Fig. 1 (Exp. 2). 
The curve for /-gluco-ascorbic acid is the same as that shown in Fig. 2 (Exp. 3) 
and is based upon a single determination, there being insufficient material for a 
duplicate. The curve for /-galacto-ascorbic acid is the average of the two curves 
shown in Fig. 2 (Exp. 3). The curve for d-galacto-ascorbic acid is the same as that 
shown in Fig. 2 whilst that for d-gluco-ascorbic acid is the curve which was 
obtained simultaneously. These curves are thus constructed from data obtained 
from experiments conducted on consecutive days using the same enzyme 
preparation. 

All the curves shown have been corrected on a basis which assumed the 
presence of 2-5 mg. of ascorbic acid or its equivalent of analogue. This calcula- 
tion was carried out from the data of the oxygen uptake at the cessation of the 
reaction and of the quantity of compound oxidized, which, as was already 
mentioned, was calculated from the difference between the initial and final 
titrations. 

The composite curves bring out very clearly the points under discussion. In 
the first place they show that all the compounds with the oxygen ring to the right 
of the carbon chain are oxidized by the enzyme very much more rapidly than 
their corresponding enantiomorphs. Secondly, that in the case of the compounds 
which are more slowly oxidized, namely those in which the ring engages the 
hydroxyl of carbon atom 4 to the left of the carbon chain, the number of carbon 
atoms in the molecule also influences the velocity of the dehydrogenation. 
Whether this holds true for the rapidly oxidizable analogues is impossible to tell 
from the data available. A greater number of experiments would be required to 
settle this point. It will receive further attention when more experimental 
material is available. Another point which emerges from this work is that the 
reaction in the case of the rapidly oxidizable compounds, unlike that of their 
corresponding enantiomorphs, proceeds at a linear rate. This fact is brought out 
more clearly in an experiment graphically represented in Fig. 5 in which the 
reaction was extended to an hour. During this time, as will be seen from 
Fig. 4, the oxidations of the slowly oxidizable analogues show a definite retarda- 
tion in speed. The linear rate of oxidation of the analogues with the oxygen ring 
to the right of the carbon chain therefore resembles that previously observed in 
the case of l-ascorbic acid by other workers [Szent-Gyérgyi, 1931; Tauber et al. 
1935; Hopkins & Morgan, 1936]. 
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Whilst this investigation was in progress a communication [Rosenberg, 1937] 
appeared in which it was shown titrimetrically that d-arabo-ascorbic acid, like 
d-ascorbic acid, was oxidized at a slower rate than /-ascorbic acid. This observa- 
tion with regard to d-arabo-ascorbic acid is not in agreement with our results. 
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G, l-galacto-ascorbic acid. H, d-galacto-ascorbic acid. 


Fig. 5. A. l-ascorbic acid. C, d-arabo-ascorbic acid 


We should like to point out in this connexion that using different enzyme 
preparations we have carried out five simultaneous determinations with d-arabo- 
ascorbic acid and l-ascorbic acid by the Warburg respirometer method, which we 
consider a more suitable technique for the purpose in question, and have always 
obtained identical results. Furthermore, judging from our observations on the 
dependence of the rates of oxidation of the other analogues upon their stereo- 
chemical structure, d-arabo-ascorbic acid would be expected to be dehydrogenated 
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at a velocity similar to that of l-ascorbie acid and not of d-ascorbic acid as 
observed by Rosenberg. 

Although no ascorbic acid oxidase is present in the animal organism it is of 
interest, nevertheless, to compare the relationship between the bearing of the 
stereochemical structure of these compounds on their enzymic oxidation and 
on their antiscorbutic potency. Of all the compounds so far tested only those 
with the oxygen ring to the right of the carbon chain have been found to be anti- 
scorbutically active. This was shown to be in all probability due to the fact that 
the inactive compounds were excreted more freely by the kidney than the active 
enantiomorphs and that they were not “‘fixed”’ by the tissues [Zilva, 1935, 1, 2]. 
Of the compounds used in this investigation the following failed to show any 
antiscorbutic activity when administered to guinea-pigs in the doses mentioned, 
d-ascorbic acid 20mg. [Demole, 1934], l-arabo-ascorbic acid 10 mg. [Zilva, 
unpublished results], d-gluco-ascorbic acid 10 mg. [Zilva, 1935, 1], d-galacto- 
ascorbic acid 10 mg. [Zilva, 1935, 1]. They may, therefore, be considered to be 
inactive. The other compounds were all found to possess some potency. 
Prof. Reichstein kindly informs me that /-galacto-ascorbic acid, for the activity 
of which there is no record in the literature, has 1/60th of the potency of 
l-ascorbic acid. This compound was also tested in respect to excretion and 
“fixation” by the guinea-pig and the results again indicated slight activity 
[Zilva, unpublished results]. There is, therefore, a similarity in so far as the 
compounds with the oxygen ring to the right of the carbon chain, which are 
antiscorbutically active, are oxidized by the enzyme more rapidly than the 
inactive enantiomorphs. This similarity is, however, only partial since d-arabo- 
ascorbic acid possesses only about 1/20th [Dalmer & Moll, 1933; Demole, 1934], 
l-gluco-ascorbic acid about 1/40th [Reichstein, 1934; Zilva, 1935, 1] and /-galacto- 
ascorbic acid 1/60th of the activity of l-ascorbic acid [Reichstein, private com- 
munication}, whilst the rate of enzymic dehydrogenation of this series of com- 
pounds is about the same. The asymmetry of carbon atom 5, therefore, con- 
ditions the antiscorbutic activity in these six carbon compounds to a marked 
extent but has no influence upon the kinetics of the enzymic oxidation process. 
The disparity between the antiscorbutic activity of l-ascorbic acid and its seven- 
carbon homologues is even greater but in this case also no significant difference 
between their rates of oxidation was recorded. 

The results so far obtained thus suggest that the asymmetric carbon atoms 
outside the ring also condition the antiscorbutic activity but not the rate of the 
direct enzymic oxidation of l-ascorbic acid and its six carbon atom analogues. 
Whether the rate of the indirect oxidation by enzymes such as the phenolases of 
the apple or of the potato bears the same relationship to the stereochemical 
structure of these compounds cannot at present be definitely answered. Pre- 
liminary experiments have so far yielded results which are not easily interpreted 
but the problem is being further investigated. 


SUMMARY 


Compounds of the ascorbic acid series in which the oxygen ring engages a 
hydroxyl group to the right of the carbon chain (/-ascorbic acid, d-arabo- 
ascorbic acid, /-gluco-ascorbic acid and I-galacto-ascorbic acid) are directly 
oxidized by the cucumber ascorbic acid oxidase at a much higher rate than are 
their enantiomorphs (d-ascorbic acid, l-arabo-ascorbic acid, d-gluco-ascorbic 
acid and d-galacto-ascorbic acid). In the first group of compounds the oxidation 
proceeds at a linear rate whilst in the second group the rate of dehydrogenation 
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falls off after a time. In the six-carbon atom compounds of the slowly oxidizable 
group (d-ascorbic acid and l-arabo-ascorbic acid) the oxidation proceeds more 
quickly than in the seven-carbon atom compounds of the same group (d-gluco- 
ascorbic acid and d-galacto-ascorbic acid). The relationship of the stereochemical 
structure of these substances to their enzymic oxidation on the one hand, and 
their antiscorbutic potency on the other, is discussed. 


We should like to express our deep gratitude to Profs. W. N. Haworth and 
E. L. Hirst for their valuable gifts of d-ascorbic acid, d- and l-arabo-ascorbic 
acids, d- and l-gluco-ascorbic acids and d-galacto-ascorbic acid and to Prof. 
T. Reichstein for /-galacto-ascorbic acid. /-Ascorbic acid was kindly supplied by 
Messrs Hoffmann-La Roche, Ltd. 

One of us (S. W. J.) is indebted to the Medical Research Council for a whole 
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A PRELIMINARY examination of the wax of white pine chermes, Adelges (Pineus) 
strobi Borner, has been reported by Blount [1936], who found that it was similar 
to, but not identical with, that of cochineal [Chibnall e¢ al. 1934], consisting of a 
ketonic alcohol esterified by a ketonic acid. The components of cochineal wax 
are 15-keto-n-tetratriacontanol (cocceryl alcohol) (II), 13-keto-n-dotriacontanoic 
acid (IIT) and n-tricontanoic acid ; those of the white pine chermes are now shown 
to be 17-keto-n-hexatriacontanol (I), 11-keto-n-triacontanoic acid (IV) with a 
negligible amount of what may be n-fatty acid. 

CH, .(CH,);3-CO. (CH,),;.CH,OH (I), 

CH, . (CH,),3. CO. (CH,),3-CH,OH (It), 

CH, . (CH,);3-CO. (CH,),, .CO,H (IIL), 

CH,. (CH,);,-CO.(CH,),.CO,H (IV). 

It will be seen that the new ketonic alcohol is the next higher even-number 
homologue of cocceryl alcohol, and the ketonic acid the next lower even-number 
homologue of that in cochineal, all four substances possessing in common the 
group CH,.(CH,),,.CO and fitting neatly into the scheme of metabolism of 
waxes put forward by Chibnall & Piper [1934]. 

The chain length of the two new products was foretold at once by X-ray 
analysis, and as before, their constitution has been determined by putting the 
oximes of the respective ketonic acids through a Beckmann transformation and 
hydrolysing the resulting mixed amides. In the case of the naturally occurring 
ketonic acid an elegant separation of the resulting products was effected by 
simple extraction with four different solvents in succession, n-eicosanoic acid, 
n-nonane-1:9-dicarboxylic acid, m-nonadecanamine hydrochloride and _ 10- 
amino-n-decanoic acid hydrochloride being thus obtained in excellent yields. 
The amides derived from the ketonic alcohol via the ketonic acid, however, were 
found to be unexpectedly difficult to hydrolyse and the separation of the 
resulting products was less complete; n-eicosanoic acid, n-pentadecane-1:15- 
dicarboxylic acid and n-nonadecanamine hydrochloride being obtained in 
reasonable yields, but only a trace of the expected 16-aminopalmitic acid hydro- 
chloride. 

EXPERIMENTAL 
Saponification of the wax 

The preparation of the purified wax has already been described [ Blount, 
1936]. 14-5 g. were dissolved in 200 ml. of hot benzene, 700 ml. of 5% alcoholic 
KOH were added and the mixture boiled under reflux for 12 hr.; 500 ml. of 

1 The melting-points of the ketonic acids and ketonic alcohol recorded in this paper were 
obtained by the method described by Piper et al. [1931]. 
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95% alcohol containing 70 g. CaCl, were then added and the boiling continued 
for another 2 hr. The procedure then followed that of Chibnall e¢ al. [1934], 
which included a second saponification with sodium ethoxide. It is doubtful, 
however, if this latter operation was necessary, as the ‘residual unsaponified 
wax” consisted very nearly, if not entirely, of ketonic alcohol, whose solubility 
in the extracting solvents (boiling alcohol and boiled acetone) was lower than 
had been anticipated. The yield of ketonic alcohol, M.p. 102—102-5°, was 5-6 g. 
and of the ketonic acid, M.p. 103—104°, was 5-5 g. 


Constitution of the ketonic acid 


The ketonic acid was digested for some time with 1-51. of boiling acetone, 
filtered on a hot funnel and the filtrate kept at 37° overnight. The material (5 g.) 
crystallized in fine rhombic leaflets. A sample recrystallized from acetone at 
37°, melted sharply at 103-3-103-6° and gave an X-ray picture (series B, 484) 
with 17 orders measuring 80-65 A. showing that the chain length was Cy. 
(Found: C, 77-25; H, 12-65%. Cy,H;,0, requires C, 77-2: H, 125%.) 45g. of 
the acid were oximated, and a very small amount of crude n-fatty acid (0-36 g.; 
M.P. 78°) separated by fractional crystallization [cf. cochineal ketonic acid, 
Chibnall et al. 1934]. The purified oxime (3-6 g.) melted at 62-5°. 

3-5 g. of this material were converted into the corresponding amides by heating 
with pure H,SO, (20 ml.) for 1 hr. on a water-bath. The dark thick solution was 
then poured on to crushed ice, the precipitated material collected and crystallized 
from 200 ml. of glacial acetic acid. After drying in vacuo over NaOH overnight 
the amides (2-86 g.) were obtained as a greyish powder melting at 105°. These 
were hydrolysed by heating with 15 ml. of conc. HCl in a sealed tube at 180° for 
4 hr. The resulting dark brown products were taken to dryness in vacuo, the hard 
waxy substance thus produced powdered as finely as possible with a sharp knife 
and then extracted four times successively (filtering hot) with 20 ml. of boiling 
light petroleum (B.P. 40-60°). The extracts were colourless, and on removal of 
the solvent gave a hard white mass (0-8 g.) of n-eicosanoic acid. Crystallized 
once from acetone at 30° it melted at 74-8-75-0°, unchanged when mixed with 
the synthetic acid. (Found: mol. wt. by titration, 313. C,H, 0, requires 312.) 

The residue from the petroleum treatment, after removal of traces of solvent, 
was extracted repeatedly at room temperature with ether until no more material 
dissolved. The colourless ethereal extracts, on removal of the solvent, gave 
0-48 g. of a hard white product melting above 100°. This was taken up in 200 ml. 
of boiling water, and a small amount of molten n-fatty acid removed by filtra- 
tion. The water-clear filtrate on cooling at 0° gave 0-4 g. of crystalline n-nonane- 
1:9-dicarboxylic acid ; M.p. 110-5-111°, unchanged when mixed with the synthetic 
acid. (Found: C, 61-0; H, 9-3%; mol. wt. by titration (dibasic acid), 217. 
C,,H,,0, requires C, 61-0; H, 9:3%; mol. wt. 216.) 

The residue from the above treatment was next extracted repeatedly with 
benzene, the mixture being warmed to 65-70° and filtered hot. The benzene 
extracts on cooling at 0° gave 0-63 g. of brownish crystalline material. As this 
might contain a small amount of the w-amino-acid hydrochloride it was dissolved 
in 20 ml. of warm absolute alcohol and treated with 0-4 ml. of 5 NV NaOH to 
convert the amine hydrochloride into the free base. Water was then added and 
the free base extracted with ether. The ethereal solution was evaporated, the 
residue taken up in 20 ml. of warm alcohol, decolored with charcoal and acidified 
with cone. HCl. Ether (2 vol.) was then added to the warm solution, and on 
keeping overnight at 0° 0-51 g. of n-nonadecanamine hydrochloride crystallized 
out. (Found: C, 71-1; H, 13-3; N, 4-2%. C,gH,,N HCl requires C, 71-3; H, 13-2; 
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N, 44%.) The benzoate melted at 88°, alone and when mixed with the benzoate 
of the synthetic amine. 

The final residue (0-45 g.) was taken up in 20 ml. of boiling N HCl, filtered hot, 
the filtrate decolored with charcoal and left overnight at 0°. The crystalline 
deposit of 10-amino-n-decanoic acid hydrochloride was removed by filtration, 
and the mother-liquor, on concentration in vacuo over NaOH, yielded a second 
crop of colourless plates. The material, 0-2 g. in all, melted at 159°. (Found: 
N, 65%. Cyg>H.,O.N . HCl requires N, 6-3%.) The free amino-acid was prepared 
by dissolving 0-1 g. of the hydrochloride in the calculated volume of 0-1 N NaOH. 
A white crystalline mass separated on cooling in the ice chest, which was filtered 
off, washed and recrystallized from 10 ml. of boiling water. The large thin plates 
thus obtained melted at 187-5-188°; Blaise & Houillon [1906] give 187-188". 
(Found: C, 64-0; H, 112%. C,,H,,0,N requires C, 64-1; H, 11-3%.) 


Constitution of the ketonic alcohol 


The alcohol, on crystallization from chloroform, melted at 102-5-102-8°. 
The X-ray photograph (series B, 466) gave 17 orders measuring 96-42 A. showing 
that the chain length was C,,. (Found: C, 80-4; H, 13-59%. C,,H,.0, requires 
C, 80-5; H, 13-5%.) The acetyl derivative melted at 84-2° and the oxime at 
78-5°. 

4 g. of the alcohol, on oxidation with CrO, (cf. cocceryl alcohol [Chibnall et al. 
1934]) gave 3-2 g. of purified ketonic acid, m.P. 107-5-108°, and 3 g. of this acid 
gave 2-1 g. of purified oxime, m.P. 67°. After the Beckmann transformation 
1-8 g. mixed amides, m.P. 108° were obtained. These were hydrolysed with 7 ml. 
of cone. HCl for 4 hr. at 180°, but the product, when put through the above- 
mentioned separation, yielded only 0-134 g. of n-fatty acid and 0-1 g. of crude 
dicarboxylic acid. The residue was therefore again hydrolysed, this time with 
double the volume of HCl for 8 hr. at 180°, but even so the subsequent fractiona- 
tion showed that the hydrolysis was incomplete. 

The combined light petroleum extracts yielded in all 0-234 g. of n-eicosanoic 
acid; M.P. 74-8-75°, unchanged when mixed with synthetic acid. (Found: mol. 
wt. by titration, 313. C,H, 0, requires 312.) The ethereal extracts, on treat- 
ment as in the former case, gave 0-1 g. of dicarboxylic acid, melting at 115° and 
of mol. wt. 328, showing that unchanged amides were present. These were 
removed in the following way. The materiai was titrated in alcoholic solution 
to phenolphthalein with alcoholic KOH, the alcohol removed and the dry 
potassium salt transferred to a small centrifuge tube. 5 ml. of cold water were 
then added, the mixture stirred and the insoluble residue centrifuged off. The 
clear solution of potassium soap was then run slowly, with vigorous stirring, 
into 600 ml. of boiling water containing a small excess of HCl. The separated 
dicarboxylic acid was collected and the purification repeated. n-Pentadecane- 
1:15-dicarboxylic acid (32 mg.) crystallized from the boiling solution in small 
needles; M.P. 116-5-117° (Chuit [1926] gives 118°). (Found: C, 68-1; H, 10-7%; 
mol. wt. by titration (dibasic acid), 298. C,,H,.0, requires C, 68-0; H, 10-7%; 
mol. wt. 300.) 

Extraction of the residue from the petroleum treatment with hot benzene 
gave 0-862 g. of brown material. When this was taken up in 30 ml. of absolute 
alcohol and 0-6 ml. of 5N NaOH was added a heavy precipitate was thrown 
down. This was filtered off and the filtrate treated as in the previous case. 
0-11 g. of n-nonadecanamine hydrochloride was obtained, which was charac- 
terized as its benzoate, M.p. 88°. The alcohol-insoluble sodium salt was converted 
into the free acid by heating with glacial acetic acid containing 5% HCl, the 
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mixture thrown into water and the precipitated acid filtered off. This was 
crystallized from alcohol (charcoal), and 0-46 g. of colourless crystalline material 
was obtained. It melted at 110°, with a mist that cleared at 117°, and un- 
doubtedly consisted in large part of unchanged amides (mol. wt. by titration 
559). 

The residue from the hot benzene treatment, on extraction with 15 ml. of 
boiling N HCl yielded a very small amount of brownish material melting at 158°, 
probably an impure sample of the expected 16-aminopalmitic acid hydro- 
chloride. 

SUMMARY 

The wax of white pine chermes (Adelges (Pineus) strobi Borner) is composed 
of a ketonic alcohol (17 -keto-n-hexatriacontanol) esterified by a ketonic acid 
(11-keto-n-triacontanoic acid). The two products are thus the next higher and 
next lower even-number homologues respectively of the ketonic alcohol and 
ketonic acid present in cochineal (Coccus cacti) wax, all four substances possessing 
the common group CH. (CH,),,.CO. 


In conclusion we should like to thank Dr S. H. Piper for the X-ray analysis 
of the ketonic alcohol and the ketonic acid. 
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THE first attempt to deprive an animal of magnesium appears to have been 
made by Osborne & Mendel [1918] during the course of a general study of the 
inorganic elements in the nutrition of the rat. Their ““magnesium-free”’ diet 
still contained over 100 parts Mg per million and no untoward effects were 
apparent. Leroy [1926] tested a diet containing only 10 parts Mg per million on 
a small group of mice and found that growth ceased after 9-13 days and that 
3 out of 5 of the mice died in 26-35 days. Acute Mg deficiency, produced in both 
rats and dogs by a diet containing only 1-8 parts Mg per million, has been 
studied by McCollum and co-workers and described in a series of papers 
[McCollum & Orent, 1931; Kruse, Orent & McCollum, 1932, 1, 2; 1933; Orent et al. 
1932; 1934; Kruse, Schmidt & McCollum, 1933; Klein e¢ al. 1935]. The main 
features of the experiments on rats were the production of acute hyperaemia of the 
skin and loss of hair, convulsions and death in many cases as early as the 11th day. 
Lavollay [1932] obtained similar effects with rats on a diet containing 30 parts Mg 
per million and Suguira & Benedict [1935] have recently confirmed these results. 
Cramer [1932] and Brookfield [1933] have also briefly described the results of a 
partial deficiency of Mg in rats. Cramer’s diet contained over 60 parts Mg per 
million. None of the acute effects noted by Kruse et al. [1932, 1] were observed, but 
after 6 weeks on the diet the animals suffered from albuminuria, nephritis and 
calcareous deposits in the kidney. Brookfield’s rats did not show any skin lesions 
but died in or after convulsions in 4-6 weeks. Post mortem there were patho- 
logical changes in the liver and kidneys, but no calcification in the latter. The 
liver changes were regarded as an important effect of the deficiency. Greenberg 
& Tufts [1934-35] state that with a diet containing 10-20 parts Mg per million 
the time of onset of the convulsions depended upon the level of vitamin B, in the 
diet and that with ample supplies of this vitamin there were no trophic changes 
such as loss of hair, emaciation and oedema of the feet. 

The experiments described below have been in progress for the last 3} years 
and form part of a study of subacute Mg deficiency at various levels of intake of 
the mineral. 

EXPERIMENTAL 

Most of the present work was carried out with standard piebald black and 
white rats bred in the Cambridge Biochemical Laboratory. The Glaxo strain of 
the Wistar albino rat was used in one group of experiments. Approximately 
150 animals of both sexes have been studied. 

The diet was as follows: 


Casein (Glaxo ash-free) sea 23 
Cane sugar ae ees on 17 
Rice starch eos a ois 40 
ler t.. els “és sila 15 
Salt mixture... as ee 5 

100 
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The salt mixture for the controls consisted of the slightly modified McCollum and 
Davis mixture commonly used in the Cambridge laboratory [Watchorn, 1932]. 
A similar salt mixture, omitting only the MgSO,, was used for the deficient 
group. Vitamin B complex was supplied by an extract of dried yeast in doses 
corresponding to 0-5 or 0-75 g. of dried yeast per rat per day, according to age of 
the rat. The yeast was extracted with 65% alcohol, the latter evaporated in 
vacuo and the residue made up with distilled water so that 1 ml. was equivalent 
to 1 g. dried yeast. 2-3 drops of cod-liver oil were also given daily to each rat. 
Beyond omitting the MgSO, from the salt mixture no attempt was made to 
purify the diet further. It contained approximately 40 parts Mg per million. 
Food was allowed ad libitum and distilled water was supplied in glass bulbs. The 
cages were 12x9x10in. with false screen bottoms; generally two rats were 
housed in each. The initial weights of the rats varied between 55 and 83 g. in 
the case of the main, long-term experiments. Younger and older animals were 
also used in some of the short-term special experiments. The long-term experi- 
ments lasted for 3 months. It was evident that a continuation beyond this would 
have resulted in serious loss of appetite and weight, effects which in themselves 
might have affected some of the final results. 


GENERAL RESULTS 


Abnormal signs were first noticed about the 10th day; in the case of the 
piebalds diarrhoea then started. The faeces were black and tarry and gave 
intense reactions for blood. The animals were dull, dirty and sickly, tended to 
lose appetite and weight and sometimes seemed at the point of death. After a few 
days the skin became hyperaemic. There was loss of fur along the flanks, under 
the chin and at the back of the neck. With the onset of the hyperaemia there was 
rapid, even dramatic, improvement in the general condition. Diarrhoea ceased, 
appetite became excellent, and in spite of the skin condition the rats became 
lively and playful, often in the course of 2-3 hr. The loss of fur was followed by a 
scaly condition with some bleeding and the skin became hardened and thickened 
in patches, though the rest of the skin appeared abnormally thin and translucent, 
a condition also noticed by Lavollay [1932]. The changes in the skin were evi- 
dently irritating and the bleeding and thickening may merely have been the 
result of scratching. The skin lesions soon began to clear up and had generally 
disappeared in 1 week. Neither they nor the diarrhoea reappeared and the rats 
remained in good health and general condition until near the end of the 3-month 
period. In the albino rats the diarrhoea was slight or absent but the skin lesions 
were more intense than in the piebalds. Convulsions never occurred in the 
piebald groups and only those animals started on the diet at 35-40 g. weight 
showed any increased excitability. These younger rats however had hyperpnoea 
with fine tremors over the whole body. Recovery was slow when they were placed 
on a normal diet. Three of the albino rats, each weighing approximately 65 g., 
had convulsions of the type described by Kruse et al. [1932, 1]. These rats, unlike 
the younger ones with hyperpnoea and tremors, quickly recovered when restored 
to a normal diet for a few days and the acute symptoms did not recur when Mg 
was again withheld. Until near the end of the experimental period all the rats 
ate well; growth was, however, somewhat subnormal, though not nearly to such 
an extent as in the rats of Kruse et al. [1932, 1] (Figs. 1 and 2). At about the 
10th week appetite generally began to decrease slightly, the fur became harsh 
and discoloured and the rats were dull and listless. Very slight oedema of the 
paws and genitals occurred in a few instances only, and there was no albuminuria 
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apart from haematuria. The latter was sometimes severe ; it occurred at irregular 
intervals from the 6th week onwards and each attack lasted several days. 

The signs of Mg deficiency varied a little from one litter to another but con- 
sidering the results as a whole the intensity of the early effects did not appear to 
be influenced by sex although each separate litter generally showed sex differ- 
ences within itself. Later in the experiment the general appearance of the males 


' in all groups was definitely worse than that of the females and this was corrobo- 
rated by the post-mortem findings. 
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Fig. 1. Piebald rats. Fig. 2. Albino rats. 


There was one striking feature of the deficiency visible during the life of the 
animal, which has not previously been described. After a few days on the 
diet a very pronounced and characteristic smell became evident. This was not 
faecal in character but was aromatic, pungent but not unpleasant. It appeared 
to be given off by the whole surface of the body. Later a sticky, reddish exudate 
appeared on tails, paws and ears. In the piebalds this was generally slight and 
might have been overlooked, but in the albinos it was often of extraordinary 
intensity so that the whole of the cage became thickly coated with it and had 
to be cleaned frequently. On the outer edges of the ears it had the appearance of 
dried blood and in fact was for a time accepted as such until confirmatory tests 
were applied. This exudate was associated with the odour described above, 
although the odour was noticed before the exudate became evident. The 
exudate contains approximately 4°% P and seems to consist partly of a keratin- 
like protein and partly of a lipoid. The phenomenon has been observed in other 
conditions (e.g. vitamin B, deficiency) but only to a comparatively mild degree. 
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Post-mortem appearances 


i The deficient animals showed the following abnormalities after 90 days on the 
diet: (1) The subcutaneous (as distinct from the fat in the skin) and abdominal 
fat was diminished, particularly when the skin lesions were at their worst. The 
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fat in the skin itself is discussed later. (2) Small haemorrhages were found in 
some of the males, usually in the bladder but occasionally also in the wall of the 
stomach. (3) The appearance of the kidneys was variable. Some were practically 
normal, other grossly abnormal. The worst were pale yellowish brown or mottled, 
soft and flabby in consistency. In two males only kidney stones were present. 
(4) Stones were found in the bladder of three males. (5) The long bones were very 
brittle, especially near or at the epiphyses, so much so that it was difficult to 
remove a knee-joint intact. The bones appeared to be of normal length but were 
purplish red in colour. The naked-eye changes are difficult to describe but were 
so obvious that a third person could pick out the abnormal bones from a mixed 
collection. (6) The teeth of the piebald rats appeared normal or nearly so. The 
incisors were sometimes paler than normal and had a somewhat translucent 
appearance. The incisors of the albinos were brittle and rather loose in their 
sockets and occasionally they were chalk-white. The molars were outwardly 
normal. 
Histological findings 

(1) Kidney. After 3 months a few calcareous deposits scattered throughout 
the cortex and medulla were the only lesions visible in many of the kidneys. In 
the most severely damaged calcareous deposition was more extensive; calcareous 
casts were present in the straight and collecting tubules, producing obliteration 
of the epithelium lining and sometimes cystic dilatation of the tubules above the 
level of the cast. Mild inflammatory reaction was occasionally observed in the 
neighbourhood of the deposits and in a few kidneys haemolysed blood was 
present in the capsular space of the glomeruli and convoluted tubules. On the 
whole it can be said that there were no lesions indicative of any type of nephritis: 
glomerular changes were completely absent. 

(2) Liver. Normal after 3 months on the diet. 

(3) Skin. The skin of the trunk and ears was examined after 12-15 days on 
the diet when the dermatitis was acute. There were focal areas of necrosis and 
ulceration of the epithelium with an acute inflammatory reaction in the subjacent 
dermis. 

(4) Tail. When examined at the height of the skin lesions the tail showed 
excessive keratinization and desquamation of the outer layers. 

(5) Bones. The long bones and rib junctions were examined after 3 months 
and in spite of the brittleness and naked-eye changes no definite histological 
lesions were observed. It is possible that they should have been examined earlier 
when the growth rate was more rapid. 

(6) Teeth. The histological changes were extensive and important and will be 
described in full elsewhere. Briefly the most striking feature of the incisors was 
the irregular striated appearance of the dentine which was no longer stained 
evenly with haematoxylin but showed rings which had taken the eosin and 
haematoxylin alternately. The odontoblasts showed all stages of degeneration 
and in some parts they had disappeared. The capillaries were enlarged. The 
molars were also affected and the pulp cavities contained very numerous pulp 
stones which were entirely absent from the normal controls. The first slight 
changes were apparent after 2 weeks on the diet. 


CHEMICAL INVESTIGATION 
Methods and procedure 


(1) Serum. The Ca and Mg were determined as previously described 
[Watchorn, 1933] and the phosphatase by Jenner & Kay’s method [1932]. 
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(2) Tissues. The various tissues were removed as rapidly as possible, wiped 
from adhering blood with filter-paper and weighed in small tared bottles. 
Pooled tissue from 3 rats was used for each analysis. Skeletal muscle was taken 
from the hind legs. A wide band of skin encircling the whole body was removed 
from between fore- and hindlimbs. Subcutaneous fat was dissected away and the 
hair clipped off very close to the skin. All samples were dried to constant weight 
and fat determined on the skins by the usual Soxhlet extraction. Ca, Mg, Na and 
K were determined as described by McCance and Shipp [1933]. 

(3) Bones and teeth. For each separate bone analysis one whole forelimb 
and one whole hindlimb were taken, without the digits. The bones were dried 
to constant weight, then thoroughly extracted in a Soxhlet apparatus, first with 
alcohol and then with ether. The fat-free bones were again dried to constant weight 
and finally ashed in platinum crucibles. The Ca in the ash was determined by 
McCrudden’s method [1910] and P by Fiske & Subbarow’s [1925]. The Mg was 
determined in the filtrate from the Ca precipitate according to Franklin [1932-33]. 
Phosphatase was determined in the bones after they had been dried in a desic- 
cator and on the fresh kidneys according to the technique very kindly given by 
Prof. Kay in a personal communication. In essential details this was similar to 
that previously described by him [1926]. 


Chemical results 


(1) Blood. The serum Mg of the deficient rats was invariably reduced, the 
average being less than half the normal (Table I). The difference between the 


Table I. Serum Mg 


mg./100 ml. 
No. of 
rats Range Mean S.D. 
Normal ¢ and ¢ 9 3-60-4-81 4-26+0-16 0-49 
Deficient 3 and 21 1-35-2-90 2-01+40-11 0-49 
Deficient 3 12 1-35-2-38 1-80+0-12 0-41 
Deficient 2 9 1-50—2-90 2-18+0-19 0-56 


averages for male and female animals was not statistically significant but the 
higher serum Mg level of the females is interesting in view of their better con- 
dition compared with that of the males. 13 of the rats to which the figures in 
Table I refer were killed after 3 months on the diet, but equally low values were 
found in those killed after 2 and 4 weeks only. In fact the lowest value of all 
(1:35 mg./100 ml.) was found in a rat killed after only 12 days on the deficient 
diet. The normal serum Mg fell within the range previously established for the 
colony [Watchorn, 1933]. The serum Ca of both normal and deficient animals 
was also within the normal range. 

(2) Tissues. Water (Table Il). The kidneys, liver and skins of the deficient 
animals showed a tendency towards increased percentages of water but only the 
figures for the kidneys are statistically significant ((=3-36, n=8, P lies on the 
0-01 level). The average water content of the normal skins (55-8) was rather 
higher than that (51-2°%) found by Fawns & Jung | 1933]; the water content of 
the normal hearts exactly corresponded with the figures given by MacKay & 
Bergman [1932]. 

Fat. This was determined only in the skins. It averaged 8-3% in both the 
normal and deficient males. In the females the normal value was higher (16-8 %) 
and the value for the deficient skins was 12-4%. 


Biochem. 1937 xxxI 87 
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Table Il. Water of tissues 


Brain Gut Heart Kidney Liver Lung Muscle Skin 
Normal No. of 3 1 4 5 3 5 6 8 f 
analyses 
Mean % 77-4 67-4 76-2 74-3 67-6 78-2 72:8 55:8 
S.D. 0-06 — 0-41 1-32 1-55 0-38 1-09 4-78 ’ 
Deficient No. of 3 3 + 5 3 5 6 8 
analyses 
Mean% 761 653 761 #4769 #£«©+170-7 781 726 57-9 
S.D. 0-30 2-60 0-56 1-09 3-51 0-97 1-37 4-60 


Magnesium (Table III). It is at once obvious that individual tissues of the 
deficient rats contained little, if any, less Mg than those of the normals. With the 
exception of the liver, however, all the average values of the deficient rat tissues ‘ 
were slightly lower than those of the controls. The decrease, calculated on a 


Table III. Mg of tissues 
Dry weight 


Fresh weight 
n s n 





Tissue 
Brain 
Gut 
Heart 
Kidney 
Liver 
Lung 
Muscle 
Skin 


Mean 
mg. per 
100 g. 
19-6 
23-7 
24-2 
23-0 
21-6 
18-5 
27-9 


9-3 


No. of 
analyses 


PCS C2 Ot ie Co 


Normal 


S.D. 

1-76 
1-88 
5-38 
1-49 
0-58 
3-77 
3-16 
0-49 


No. of 
analyses 
3 
+ 


5 


“1D OW 


Deficient 
Mean 
mg. per 
100 g. 
18-8 
22-0 
22-4 

19-6 1- 
24-9 ; 
18-2 
26-8 
78 


S.D. 
1-60 
3-90 
4-65 
51 
29 
5-80 
5-70 
L-O1 





c 


No. of 


analyses 


3 
1 


t 
5 
3 


5 
) 


Normal 
A 


Mean 
mg. per 
100 g. 
86-1 
68-4 
93-5 
87-4 
66-7 
84-8 
102-2 


29-6 


$.D. 
6-80 
15-00 
6-50 
4-69 
17-43 
8-52 
5-22 





No. of 


Deficient 


Mean 
mg. per 


analyses 100g. 


3 


Oe 


3 
5 
6 


on 


83-0 
52-8 
90-3 
83-8 
86-2 

32-9 
91-2 


24-9 


——— ae 


S.D. 


6-95 


21-45 
6-84 
19-72 
23-35 
20-50 
4-79 


fresh weight basis, is significant for both skin and kidney. (For skin ¢=3-54 and 
for kidney 3-92; in both cases P is less than 0-01.) The average values for each 
tissue were obtained from pairs of figures, each pair of which represents the 
analysis of pooled organs of a normal and a deficient group, the two groups being 
made up of rats of the same sex and equally distributed litter-mates. Taking all 
the tissues together there were 41 such pairs, and of these 31 showed a decrease 
of Mg in the deficient group. It seems reasonable to believe on this evidence that 
there was a tendency towards a real, but slight, decrease of Mg in brain, gut, heart, 
skeletal muscle, lung and skin of the rats which had received the deficient diet. 
The increase in liver Mg of the deficient rats was found in all three cases, but does 
not represent a statistically significant difference from the normal. 

The normal skin values corresponded to those given by Loewy & Cronheim 
[1932] but were appreciably lower than those of Fawns & Jung [1933]. 

Calcium (Table IV). The Ca figures tended to be irregular in several organs, 
particularly in the brain. The striking feature was the enormous concentration 
of Ca in the kidneys of the deficient animals, amounting in one group to over 3% 
of the dry weight of tissue. This calcification has been referred to in the histo- 
logical section and will be discussed later. Skeletal muscle Ca was increased in 
the deficient group and may be significant since for the fresh weight series, 
¢t=2-60 and P is approximately 0-02. For the dry weight series the significance is 
higher, ¢=3-57 and P is less than 0-01. 

The normal values for skin agreed with those found by Fawns & Jung [1933] 
and the normal muscle Ca, if one high value is omitted, agrees with the figures 
given by Burns [1933]. 


a 
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Table IV. Ca of tissues 


F resh weight Dry weight 





— Rite — = p 


i? : \ 























are not statistically significant, owing to the comparatively great range of varia- 
tion shown in the deficient group. Most of the tissue figures, in fact, showed con- 
siderable variation. The Na values for the two groups were in good agreement 
with each other. It can probably be concluded that the metabolisms of both 
Na and K were unaffected by Mg deficiency. 

(3) Bones (Table VI). The bones of the deficient rats contained more water 
and less Mg than the controls. Water was unfortunately only determined in the 
albinos but. the increase (2-4) in the deficient group was significant, t=3-22 and 
P less than 0-01. The Mg in the deficient rat bones was rather less than two-thirds 
the normal value. On the other hand the ash, Ca and P showed practically no 
changes. 

(4) Teeth (Table VII). A more complete analysis of teeth at different levels 
of Mg intake is being made but the results of the examination of a few lower 
incisors are here included. As the numbers are few and the individual variations 
were very small, the standard deviation has been omitted from the table. 

s7—2 


Normal Deficient Normal Deficient 
a = — c i — ~ = i A ~ c A 
Me an Mean Mean Mean 
No. of mg. per No. of mg. per No. of mg. per No. of mg per 
Tissue analyses 100g. s.D. analyses 100g. s.D. analyses 100g. s.D. analyses 100g. S.D. 
Brain 3 55-9 46-70 3 45-4 55-87 3 247-8 207-10 3 201-5 248-40 
Gut t 14-2 2-67 4 24-0 19-43 1 36-9 = 3 73-8 61-39 
Heart 5 10-7 4-46 5 10-2 4-04 4 38-1 13-06 4 37-8 15-28 
Kidney 5 21-8 11-75 7 328-2 177-50 4 92-2 54-68 7 1446-0 821-40 
Liver 5 7:3 2-09 5 Tt 2-74 3 19-0 3-85 3 20-6 7-85 
Lung 5 19-0 3-79 5 24-1 16-59 5 87-2 16-76 5 108-9 72. 11 
Muscle 7 13-0 7-28 7 25-4 10-33 5 45-3 28-48 5 113-0 31-44 
Skin 6 11-4 2-68 6 11-8 3-45 3 35-2 5-41 3 34-4 1-36 
Sodium and potassium (Table V). The variations between the K values of 
normal and deficient animals were small and occurred in both directions. The 
skin showed the greatest change, the average normal value being 0-162 % and 
the average deficient values 0-127 % (fresh weight). These differences however 
Table V. Na and K of tissues 
Fresh weight Dry weight 
Normal Deficient Normal I de fic ient 
_ SSS a eemmaemmmnen _ pT —— — 
Me: an Mean Mean “Mean 
No. of mg. per No. of mg. per No. of mg. per No. of mg. per 
Tissue analyses 100g. s.D. analyses 100g. s.D. analyses 100g. s.D. analyses 100g. S.D. 
Brain Na 2 110 — 2 112 —- 2 486 - 2 492 - 
K 3 440 87 3 433 126 3 1950 382 3 1966 480 
Gut Na t 102 29 t 112 37 1 442 —_— 3 360 149 
K 4 391 41 4 433 189 1 1350 -= 3 1339 820 
Heart Na 4 108 15 1 111 25 1 454 56 1 116 123 
K 5 359 33 5 398 16 4 1532 145 4 1717 12 
Kidney Na 3 144 33 3 126 23 — — ~ - — 
K 6 362 109 6 324 70 3 1700 206 3 1667 206 
Liver Na 4 76 3 4 70 7 2 231 ~ 2 224 
K 5 421 119 5 25 110 3 1491-449 3 1634 695 
Lung Na 1 161 21 4 157 13 4 732 95 4 726 37 
K 5 293 34 5 334 17 5 1345 156 5 1522 332 
Muscle Na 4 63 11 t 61 11 2 258 -- 2 246 
K 6 134 65 6 450 77 4 1630 310 t 1778 371 
Skin Na 5 131 16 5 130 9 5 419 110 5 429 4 
K 5 162 9 5 127 49 5 520 138 $20 220 
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Table VI. Bones 














Ash Ca Me P j 
rn Ps Neco ‘ EE e EY - oat ao a 
% of 7 of °, of °,~ of | 
Water °,of fat-free %of fat-free of %of fat-free % of %of fat-free % of | 
%  freshwt. dry wt. fresh wt. dry wt. ash fresh wt. dry wt. ash _ freshwt. dry wt. — ash 
Normal 
Mean 29-5 39-4 59-0 14-9 22-4 38-0 0:38 0-58 0-98 7-4 11-0 18-6 
No. of 10 10 18 10 is 18 10 18 18 10 18 18 
analyses 
S.D. 2-02 2-13 1-32 0-91 0-73 100 0-04 0-05 0-08 0-58 0-94 0-53 
Deficient 
Mean 31-9 37-7 60-0 14-8 23-1 38-5 0-20 0:37 0-61 6-9 10-8 18-1 
No. of 11 8 18 11 21 18 11 21 18 11 21 18 
analyse 
S.D. 1-59 1-09 2-06 0-65 0-94 1-76 0-04 0-09 0-15 0-45 0-49 0-46 | 
Table VII. Teeth 
Ash Ca Mg P 
— A — — aeeusP le —, _ A — Cc A _ 
° of % of °% of % of 

Water %of fat-free %of fat-free of %of fat-free %of %of fat-free % of 

%  freshwt. dry wt. fresh wt. dry wt. ash fresh wt. dry wt. ash _ freshwt. dry wt. ash 
Normal 

Mean 15:3 61-4 75-2 22-2 27-6 36-5 1-00 1-24 1-65 12-2 15-1 20-1 
No. of 3 3 5 3 5 5 3 5 5 3 5 5 


analyses 
Deficient 
Mean 18-6 60-1 76-2 22-6 29-1 37-2 0-55 0-65 0-86 11-9 13-9 18-4 
No. of 3 3 2 4 4 5 2 4 2 2 5 


= - o 
analyses 


or 


In the deficient teeth the water content was increased while the Mg was only 
half of the normal value. There was a small but definite decrease of P. Murray 
[1936] for normal rats of a similar age obtained higher Mg (2-36 %) and lower Ca 
(34-82%) values. The diet used by her contained a higher level of Mg than did 
ours. There seems to be a reciprocal relationship between these two minerals in 
teeth, for if the figures are converted into ‘“‘total’’ Ca (1 g. Mg=1-648 g. Ca) the 
value obtained by Murray was 38-72 % and by us 39-2%. The respective Ca/P 
“corrected” ratios are 1-97 and 1-95. The corresponding “corrected” ratio for 
the deficient teeth would be 2-10, the increase being caused by the diminished P, 
since the “‘total’’ Ca for the deficient teeth was slightly lower (38-6 °%) than for 
the controls. | 

(5) Phosphatase. Cramer [1933-34] suggested that the large amount of Ca 
in the kidneys of Mg-deficient rats might inhibit the phosphatase activity. A 
few determinations were therefore made, in each case on a grossly abnormal 
kidney. Determinations were also made on a few samples of plasma and bone. 

No inhibition of phosphatase activity was found in the pathological kidneys and 
the enzymic activity of the bones and plasma from the deficient animals was 
normal. 

DiscussIoN 


The earliest visible effects of a partial deprivation of Mg are changes in the 
peripheral blood vessels. This results in hyperaemia of the skin with loss of hair, 
and in haemorrhages in the alimentary tract. There is in some animals hyper- 
excitability and, rarely, convulsions. The severity of these early manifestations 
is largely related to the age of the rat and, except in very young animals, they | 
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rapidly disappear. In connexion with the skin lesions, it may be mentioned that 
low serum Mg values have been found in a variety of human skin diseases (un- 
published results). Permanent changes brought about by the dietary shortage 
of Mg consist of deficiency of this mineral in the blood, bones and teeth, and in 
calcification of the kidneys, though it is not yet certain that the latter is not due 
to the combined effect of the Mg deficiency and some other dietary maladjust- 
ment. Some of the animals, for instance, show signs of vitamin B, deficiency, 
although the normal controls receiving the same amount of viteusin do not, 
suggesting that possibly the requirements of vitamin B, are higher in certain 
mineral deficiencies or that vitamin B, functions less efficiently in the absence of 
a sufficiency of Mg. In considering the present results in the light of other 
published work it is evident that the kidney changes described by Cramer [1932] 
have not been entirely confirmed, although the kidneys of our rats also show 
calcification and other abnormalities. Cramer reported that extensive damage 
was obvious after only 6 weeks from the start of the experimental diet, whereas 
in the present series of experiments all the kidneys examined at the end of the 
6th week were still normal. Moreover, in Cramer’s animals the glomeruli were the 
first parts to be affected whilst in our animals even the worst of the kidneys 
showed, at most, only slight glomerular changes. We have never found true 
albuminuria except in association with haematuria. In any case the histological 
picture strongly suggests that the changes are the result of a preliminary pre- 
cipitation of Ca in the tubules. The kidney of the rat seems to be liable to this 
type of abnormality and Cramer found calcification in half of his control animals. 
Calcification of the kidneys is not a lesion specific to any particular deficiency or 
dietary maladjustment as it has been found in many conditions. For example 
McCarrison produced kidney stones in addition to bladder stones with diets 
deficient in vitamin A and containing excess of Ca [1927, and several other 
papers in the same Journal]. Polak [1934] produced kidney stones with high Ca 
intake, Watchorn [1932] with high Mg intake, and Gough e¢ al. [1933] with high 
P levels and excess vitamin D. Since many of the control rats in Cramer’s series 
also showed calcification of the kidney it is possible that some other deficiency 
existed along with that of Mg. The supply of vitamin B, for example, appears 
to have been inadequate. The basal diet used by Brookfield [1933] seems to have 
been still more open to criticism, for his control animals not only did not grow 
normally but actually lost weight or remained stationary. It is quite certain that 
here Mg was not the only deficiency. MacKay & Oliver [1935] criticized the 
lesions found by Cramer on the ground that his basal diet contained sufficient P 
to cause the renal damage. In the various diets used by MacKay and Oliver the 
lowest concentration of P which led to kidney damage appears to have been 
0-74 %, of the whole diet, while in Cramer’s case it was approximately 0-61 % and 
in the diet used by McCollum and co-workers it was roughly 0-4%. (These 
calculations have been made by us from the available data; none of these 
_ authors expressly states the P contents of the whole diets.) In our own diet the 
P was approximately 0-5 °%. Our control animals all had healthy kidneys but it is 
of course possible that when the Mg content of the diet is severely reduced ill 
effects may follow from the disturbed Mg/P ratio quite apart from the effects of 
the absence of Mg per se. This point needs investigation. It may provide the 
explanation of the discrepant results which have been obtained in regard to the 
renal effects of Mg deficiency. 

One of the most unexpected features of the present experiments has been the 
fact that the organs of the deficient animals contained normal, or only slightly 
subnormal, amounts of Mg. The very slight decrease in Mg in many of the organs 
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may be due entirely to the low level of Mg in the blood which they contained 
when they were taken for analysis. The liver, on the other hand, in spite of its 
large content of blood, actually showed an increase of Mg. The idea that certain 
of the soft tissues might part with Mg in order to maintain the more essential 
ones was not substantiated. One can only conclude from the present results that 
the Mg in all these tissues is not only essential to their continued existence but 
must be maintained at a constant level. Definite deficiencies of Mg were found 
only in the blood, bones and teeth. This is in agreement with the experience of 
Cunningham [1936-37] who found that dietary variations of Mg affected the bones 
and blood only (he did not examine the teeth). It is remarkable that the rats 
were able to settle down to an uneventful life with a blood level of Mg so far 
below normal. After the first 3 weeks there did not appear to be a state of even 
“latent tetany”. The deficient rats were quite undisturbed by loud or sudden 
noises or by being handled, in fact sometimes they were rather dull and lethargic. 

It is difficult to compare the present bone results with those reported by 
Orent et al. [1934] because their rats were younger when placed on the diet and 
when finally examined, and the diet itself was more deficient in Mg. Their rats 
were 55 days old when sacrificed and had been on the experimental diet 30 days 
only, whereas our rats were approximately 130 days old and had been on the 
diet 90 days. Orent et al. considered that the increases in ash and Ca occurred in 
the deficient bones during the first few days on the diet and their curves showed 
that the difference between these bones and the normals tended to decrease with 
age. Taking these facts into account it is perhaps not surprising that our 
animals as a whole showed no changes in bone Ca. 

We have seen that the chemical changes in the teeth are greater than those in 
the bones. The reduction in Mg is greater, the increase in water is relatively 
greater and the P is decreased. With regard to the increased percentage of water, 
it may be mentioned that Clarke & Smith [1935] found a still larger increase in 
the teeth of rats deprived of salts in general. It is interesting to note that in spite 
of the fact that the Mg of the deficient teeth is only half the normal value, the 
level is still actually higher than in the normal bones (fresh weight). A higher 
concentration of Mg seems to be necessary for normal tooth structure than for 
normal bone. Not only are the permanently growing incisors affected by a 
deficiency but also the molars, which in rats are of limited growth. Klein et al. 
[1935] have briefly described the changes induced by their more extreme diet. 
They consider that the specific effect of the lack of Mg is on the “‘ paradontium ” 
and the adjacent alveolar bone, for the molars of their rats were embedded in a 
mass of tissue, possibly of inflammatory origin. This did not occur in our case 
and quite definitely the first changes were capillary dilatation and odontoblastic 
degeneration. The suggestion of Klein et al. that the dentinal striations are the 
result of the convulsive attacks and remissions is quite untenable since all rats 
on the diet show the same dental abnormalities irrespective of the occurrence of 
convulsions. Further comment on the teeth is postponed until the publication of 
greater details. 

The question arises whether there is any common factor in the various 
changes brought about by Mg deficiency. One fundamental characteristic appears 
to be the capillary injury and dilatation. Evidences of this are the melaena, the 
haematuria, the hyperaemia of the skin, the increased water contents of the 
kidneys, skin and teeth and the capillary dilatation in the latter. We are perhaps 
dealing with a condition resulting primarily from disturbed capillary perme- 
abilities but the syndrome produced appears to be characteristic only of a shortage 
of this particular mineral. 
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SUMMARY 


1. Rats weighing 50-85 g. maintained on a diet containing approximately 
40 parts of Mg per million (4 mg./100 g.) developed diarrhoea and melaena 
beginning about the 10th day. This was followed by hyperaemia of the skin, 
loss of hair and in some cases hyperpnoea and nervousness. These symptoms 
passed off in 7-10 days and thereafter the rats appeared normal until near the 
end of the experimental period (12 weeks). They then lost appetite and began 
to look out of condition. 

2. Post mortem the kidneys were found to be calcified, the bones brittle and 
the teeth sometimes white or translucent. 

3. The blood Mg was reduced to approximately half its normal value 
within 14 days on the diet. It remained at this level, no further reduction 
occurring. 

4. The soft tissues contained only very slightly less Mg than normal. The 
difference was not statistically significant. 

5. The water contents of the bones, teeth and kidneys were significantly 
increased. 

6. The Mg content of the bones was reduced to approximately two-thirds 
and that of the teeth to one-half of the normal level. In addition the P of the 
teeth was reduced and extensive histological changes were present. 

7. The phosphatase of blood, bones and kidneys was normal. 


We wish to thank Dr J. R. M. Innes of the Institute of Animal Pathology for 
his kindness in examining the sections of soft tissues and reporting thereon. 

This work was carried out during the tenure of a personal grant from the 
Medical Research Council by one of us (E. W.). 
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CLXXIII. A STUDY OF THE DESTRUCTION OF 
VITAMIN B, IN BLOOD 


By PENG CHONG LEONG 
From the Nutritional Laboratory, University of Cambridge and Medical 
Research Council 


(Received 26 June 1937) 


In a quantitative study of the excretion of vitamin B, in human urine [Harris & 
Leong, 1936], it was observed that, with the subjects studied, the daily urinary 
output of the vitamin amounted to only about 10% of the daily intake. Later, 
in a more detailed study on rats [Leong, 1937], evidence was obtained that a 
certain amount of the ingested vitamin could not be accounted for in the total 
urinary and faecal excretions and that this difference between intake and output 
could not be ascribed entirely to storage in the tissues. Thus it was clear thatsome 
vitamin B, had disappeared in the body, although the mechanism of (and the 
factors contributing to) this disappearance remained obscure. This disappearance 
of the vitamin may be due (among other causes) to (1) conversion into inactive 
products during metabolism in the tissues and in the blood, and (2) destruction 
in the alimentary tract, which includes the possible bacterial decomposition of 
the vitamin in the lower intestine. It was felt that a study of the stability (or the 
possible destruction) of vitamin B, in blood at body temperature might yield 
useful information bearing on these points. 

The effect of heat on the antineuritic vitamin seems to depend mainly on (1) 
the pH and (2) the amount of moisture present. Its stability to dry heat has been 
shown by numerous workers, among whom may be mentioned the following: 
Holst [1907], Nitzescu [1923], Sherman & Spohn [1923] and Keenan e¢ al. [1935]. 
The destruction of vitamin B, when heated under various conditions in contact 
with moisture has also been widely reported [Grijns, 1901; Sherman & Burton, 
1926; Rosedale & Oliveiro, 1928; Elvehjem ef al. 1932; Ohdake & Yamagishi, 
1935]. No report appears to have been published, however, on the stability of 
crystalline vitamin B, at 37°. 

EXPERIMENTAL 

Stock solution of vitamin B,. A solution of the vitamin was prepared by 
dissolving crystalline vitamin B,-HCl in distilled water so that 1 ml. contained 
approximately 21.v. (The pH of this solution was about 6.) This particular con- 
centration was chosen because 1 ml. of this solution represented a convenient dose 
for assay by the bradycardia method. For details of the method see Drury & 
Harris [1930], Birch & Harris [1934] and Leong & Harris [1937]. This stock 
solution was kept in an evacuated flask at 0° during the course of theexperiment. 

Stability of vitamin B; at 0°. In order to demonstrate the stability of vitamin 
B,-HCl when kept at 0° in simple aqueous solution, a series of assays (which were 
carried out simultaneously with the tests described below) were done on | ml. 
samples of the stock solution. In Table I are arranged the results of these tests 
in order of the dates on which they were done. It will be seen that the individual 
variations of the results are within the range of the experimental error associated 
with the bradycardia tests [ef. Leong & Harris, 1937], and that vitamin B, is 
stable in aqueous solution at 0° for at least 3 months. 

( 1391 ) 
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Table I. Stability of vitamin B, in aqueous solution at 0°. 


Cure of bradycardia 
in days (individual 


Date of test animals) 

4. i. 37 4-5, 6 

20. ii. 37 3 

24. ii. 37 5-5 

27. ii. 37 4,5 
3. iii. 37 4:5 

15. iii. 37 a 

29. iii. 37 4, 4,6 
3. iv. 37 5, 6 


| 


~ 
© 


Average of 13 tests 


Destruction of vitamin B, in blood at 37°. The details of the experimental 
technique were as follows. The blood was obtained from normal rats which had 
been previously starved for 6 hr. (Control tests with blood drawn under such 
conditions have shown that it contained insignificant amounts of vitamin B, .) 
The blood was drawn by heart puncture and precautions as to sterility were 
observed throughout.! The pH of the blood plasma was about 7-3. The stock 
solution of vitamin B, was sterilized by filtration through a Seitz filter immedi- 
ately before use and 1 ml. of this solution was incubated with 1 ml. of the 
oxalated blood at 37° for 24 hr., after which the mixture was assayed for 
vitamin B, by the bradycardia method. For purposes of comparison, tests were 


also carried out on a mixture of 1 ml. of the solution of vitamin B, and 1 ml. of 


freshly drawn blood. All the test doses were promptly consumed by the animals. 

The results, giving the duration of cure of bradycardia in days, are shown in 
Table II. It will be seen that this heat treatment of vitamin B, in blood resulted 
in a certain amount of inactivation of the vitamin. 


Table II. Destruction of vitamin B, in blood heated at 37° for 24 hr. 


1 ml. vitamin B, solution + 1 ml. blood 


5 
Before heat treatment After heat treatment 
Cure of bradycardia —_ Cure of bradycardia 





(days) (days) 

2 2 

3 2 

3 2-5 

4 3 

4 3 

4-5 4 

4-5 4 

5 4 

5 4:5 

5 5 

55 

6 

6 

6-5 

7 2 

Mean 4-74+0-49 3-40 40-32 

Standard deviation 1-38 1-04 
Difference of means 1-34 
Standard error of difference of means 0-49 


1 I wish to thank Dr A. A. Salam for help in bacteriological technique. 
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A statistical analysis of the results bears out this conclusion provided that it 
can be assumed (as seems justified) that statistical methods can be applied to 
samples of this size. For each series of results the standard deviation (c), where 


xd? ; ‘ 
c= a es has been calculated (see Table II which also gives the standard error 
of the mean (e) where «= <.)- The standard deviation of the response of an 
individual rat in these tests is of the same order as that previously observed 
when larger numbers of assays (upwards of 270) were carried out with the 
International Standard acid clay [Leong & Harris, 1937]. The standard error of 


the difference between the two means is therefore ar ( 2 28) — 0-49, The dif- 
"i 


ference between the two averages is 1-34. This is about three times its standard 
error, which suggests that the observed difference is unlikely to have occurred 
by chance. 

Incubation of vitamin B, with boiled blood. Having shown that there has been 
a destruction of vitamin B, when the latter was incubated with rat’s blood at 
37°, it became of interest to ascertain whether the destruction was due to the 
action of substances of an enzyme-like nature present in blood. To test this 
possibility experiments were carried out by incubating 1 ml. of the stock solution 
of vitamin B, with boiled blood. The latter was prepared by diluting 1 ml. of 
oxalated blood with 2 ml. of distilled water and boiling for 20 min. The mixture 
was put in sterile test-tubes plugged with cotton-wool and kept at 37° for 24 hr., 
after which it was assayed for vitamin B,. The results, given in Table III, show 
than an inactivation of the vitamin has occurred and that the extent of the 
destruction was approximately the same as that observed when the vitamin was 
incubated with fresh blood. This finding suggests that, under the conditions 
described in these tests, the enzymes in blood did not play any part in the 
destruction of vitamin B,. 

A further attempt to demonstrate the possible enzymic destruction of the 
vitamin was made by incubating the latter with fresh oxalated rat’s blood at 
37° for a shorter period (i.e. } hr.). No inactivation could be detected during so 
short a period (see Table ITI). 


Ld 


Table III. Comparison of the destruction of vitamin B, in fresh and boiled blood 


Cure of 
bradycardia 

No. of in days 

Nature of substance assayed tests (average) 
1 ml. vitamin B, solution + 1 ml. fresh blood 15 4-7 
1 ml. vitamin B, solution +1 ml. fresh blood, after 24 hr. at 37° 10 3-4 
1 ml. vitamin B, solution +1 ml. boiled blood, after 24 hr. at 37 5 3-1 
1 ml. vitamin B, solution + 1 ml. fresh blood, after $ hr. at 37 5 4-9 


Stability of vitamin B, in blood at 19°. A study was made of the behaviour of 
vitamin B, in blood at a lower temperature. Sterile rat’s blood was also used in 
these experiments and 1 ml. of the vitamin B, solution was added to 1 ml. of 
oxalated blood in test-tubes, which were plugged with sterile cotton-wool. The 
mixtures were allowed to stand at room temperature (about 19°) for 24 hr. after 
which they were assayed for vitamin B,. The results, given in Table IV, suggest 
that the vitamin is stable in blood at 19° for a period of at least 24 hr. 

Stability of vitamin B, in aqueous solution at 37°. Tests were also carried out 
to study the stability of the vitamin in aqueous solution (pH about 6) at 37°. 
Samples of the stock solution (1 ml.) were pipetted into sterile test-tubes, which 
were plugged with cotton-wool and kept in an incubator at 37° for 24 hr. These 
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Table [V. Stability of vitamin B, in blood at 19°. 


1 ml. vitamin B, solution +1 ml. fresh blood, 1 ml. vitamin B, solution + 1 ml. fresh blood 


after 24 hr. at 19° (from Table IT) 
Cure of bradycardia (days) Cure of bradycardia (days) 
3 4-7 (average of 15 tests) 
4 
4 
5 
5 
5 
6 
Average 4-6 


samples were then assayed by the bradycardia method. The results are shown in 
Table V. It will be seen that although the average length of cure obtained was 
somewhat shorter than that observed with the unheated vitamin, the difference of 
the two means is probably not significant. Thus no appreciable destruction of 
the vitamin could be detected. 


Table V. Stability of vitamin B, in aqueous solution at 37° for 24 hr. 


1 ml. of stock solution of vitamin B, 


c 7, ¥ - 
Before heat treatment After heat treatment 
Cure of bradycardia Cure of bradycardia 


days days 

3 3 

4 4 

ft 4 

+ 4 

4-5 4 

4-5 5 

o o 

5 5 

5-5 

6 

6 

6 

7 ° 
Mean 4-9 4:3 


Discussion 

It has been shown that vitamin B, is stable (1) in aqueous solution at 0° and 
(2) in blood at 19°. On the other hand it was destroyed to an appreciable extent 
in blood in the course of 24 hr. at 37°. Experiments also suggested that the 
inactivation was not due to enzymic destruction. Exposure of the vitamin in 
aqueous solution (at pH 6) to a temperature of 37° for 24 hr. was not accompanied 
by any appreciable destruction. It should be pointed out that this latter experi- 
ment is not to be regarded as a control for the experiment described in Table IT, 
where the vitamin was incubated with blood at 37°, for the reason (among others) 
that there was a difference in the pH of the two media. There is thus a possi- 
bility that the slightly alkaline reaction in blood may have been responsible for 
the acceleration of the destruction of the vitamin. No attempt, however, has been 
made to control the pH (i.e. to adjust the pH to 7-3) when the vitamin was heated 
without blood, as it was felt that the results would be difficult to interpret on the 
ground that buffer salts might play a role in the destruction of the vitamin, and 
that a complex polyphasic system resembling that in oxalated blood cannot in 
any case be effectively reproduced for the purpose of control tests. 
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From Table II it will be seen that, as a rough approximation, the extent of 
the destruction of vitamin B, in rat’s blood at 37° was about 30%. The con- 
centration of the vitamin in these experiments is about 1 1.v./ml. blood and it is 
important to emphasize that the amount of destruction will, no doubt, depenc 
to a large extent on the concentration of the vitamin present in the medium. Ir 
this connexion it is relevant to refer to the level of vitamin B, normally present in 
blood. Preliminary experiments at present in progress in this laboratory have 
yielded results to show that the resting level of vitamin B, in blood (i.e. the 
concentration in blood of a normal fasting animal) of the few species hitherto 
examined is about 3-10 1.0./100 ml. blood. It is interesting to note that Meikle- 
john [quoted by Peters, 1936] has found that in vitamin B, deficiency there is a 
marked decrease in vitamin B, in the blood of pigeons, from 27y to 5-5y/100 ml. 
(10y=51.v.). It will be seen that the concentration of the vitamin employed in 
these in vitro studies is much higher than that normally present in blood. It is 
realized that the conclusions reached in the present paper concerning the 
destruction of vitamin B, in rat’s blood are not necessarily true for conditions 
in vivo. If they are, it seems that the blood is one of the possible sites of destruc- 
tion of the vitamin in the animal body. 


SUMMARY 


The stability of crystalline vitamin B,-HCl in aqueous solution and in blood 
has been investigated. 

In aqueous solution (pH about 6) the vitamin was stable at 0° for at least 
3 months. No deterioration was observed when it was exposed to a temperature 
of 37° for 24 hr. 

The vitamin was stable in blood at 19° for 24 hr. When incubated with rat’s 
blood (pH about 7-3) at 37° for 24 hr., however, an appreciable destruction of the 
vitamin was observed. This inactivation did not appear to have been due to the 
action of substances of an enzyme-like nature in the blood. 


I am very grateful to Dr L. J. Harris for his kind interest and helpful 
criticism. 
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WHEN current methods for the determination of cystine were applied to the 
hydrolysates of pasture proteins, certain anomalies appeared which demanded 
further investigation. In an initial attempt to assess the cystine content of 
these proteins, Pollard & Chibnall [1934] found that the values obtained by the 
Prunty [1933] modification of the Sullivan [1929] method were uniformly low 
and accounted for some 5-15 % of the total S. They observed that the apparent 
cystine content, calculated from the mercaptide-S obtained in the Vickery & 
White [1933] method, gave values higher than those of the modified Sullivan 
method, and suggested the presence of a further amino-acid containing potential 
—SH groups. It is now known that such a difference might be explained on 
several grounds, e.g. inhibition of the Sullivan colour by other degradation 
products, particularly those of carbohydrate origin; defects in the Sullivan 
method itself; decarboxylation or deamination of a portion of the cystine. At 
that time no data were available for the amount of S contributed by methionine, 
but in the light of later analyses, as yet unpublished, it became apparent that 
the greater part of the S in these proteins was attributable neither to deter- 
mined cystine, nor to methionine in spite of the greater values obtained by the 
Vickery & White method. Apart from any criticism directly applicable to the 
methods adopted for the determination of cystine, a more serious source of error 
with proteins in which the truly protein moiety is associated with comparatively 
large amounts of non-nitrogenous impurities, probably of carbohydrate origin, 
is the destruction of cystine during hydrolysis. These difficulties have led to a 
reinvestigation of the S distribution of pure and treated proteins and of proteins 
hydrolysed in presence of extraneous material, with a view to interpreting the 
results obtained with grass proteins. The preparations utilized were edestin, 
gliadin and various samples of wool and kemp. At the same time, newer methods 
for the determination of cystine have been investigated, and these were later 
applied to an examination of the S distribution of muscle proteins. 

Of the known S-containing amino-acids, only cystine and methionine have 
been isolated from protein hydrolysates; the S distribution of a protein implies 
therefore, in the first instance, a determination of the partition of S between 
these two acids and its correlation with the S content of the protein and with 
that of its hydrolysate. Some account of previous work in this field is relevant. 
Following the observation of Barger & Coyne [1928] that the methylthiol group 
of methionine could be estimated by a measure of the volatile iodide produced 
on digestion with HI, Baernstein [1932, 1; 1934] elaborated a method for the 
general determination of methionine in proteins. Since methylimide and 
methoxyl groups do not occur in any known amino-acid derived from proteins 
on hydrolysis, it was assumed that the Mel produced by the action of HI arose 
entirely from the methylthiol group of methionine. Utilizing the method for 
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the determination of methionine in a series of 32 proteins and determining in 
addition their cystine contents, Baernstein [1932, 2] attempted to correlate the 
combined S content of these two acids with the total S content of the protein. 
In 10 cases the ratio 100 (cystine S+methionine §)/total S varied between 97 
and 103%, in 9 cases between 86 and 97% and in 13 cases between 103 and 
118%. It is significant that Baernstein’s cystine values, determined by his 
gasometric method [1930], are considerably higher than those obtained by other 
methods. Hess [1933] points out that the reaction upon which the method is 
based, viz. the interaction of iodine in strongly acid solution with reduced 
cystine, is not entirely specific. Even on the assumption that current colori- 
metric and gravimetric methods consistently under-estimate the cystine of 
proteins, it is difficult to accept the reliability of Baernstein’s results when the 
ratio previously cited often exceeds 100, and as his methionine values are in 
fair agreement with later ones obtained by a method differing fundamentally 
in principle, it is safe to assume that the cystine values are largely responsible 
for the error. 

In more recent papers [1936, 1, 2], Baernstein has adopted an entirely new 
and elegant procedure. When a protein is hydrolysed by HI, cystine is reduced 
to cysteine, and methionine is converted into the thiolactone of honiocysteine. 
In acid solution, cysteine reacts with iodine, and the amount of iodine consumed 
gives a measure of the cystine originally present. At this juncture tetrathionate 
is added, and the system is made alkaline with ammonia. Under these conditions 
the thiolactone ring of homocysteine opens, and the liberated —SH group is 
oxidized by tetrathionate, which itself is reduced to thiosulphate. The amount of 
this latter, determined by iodine titration, gives a measure of the methionine 
originally present. Moreover, any H,S and SO, arising during actual hydrolysis 
of the protein with HI is collected and estimated. In contrast to former results, 
the average S recovery is 97%, but this figure includes S evolved as H,S, 
amounting to 2-4-24-5% of the total S. In our experience, proteins such as 
wool and kemp produce, on digestion with HI, considerable amounts of H,S, 
which in these cases must arise from cystine, and whatever the source in other 
proteins, it is evident that the recovery of S in a form assignable to specific 
amino-acids is less than Baernstein’s figures indicate. 

Amongst other attempts to account for the whole of the S in proteins may 
be mentioned the work of Rimington [1929, 1, 2; 1930] and Barritt & Rimington 
[1931] who found that the cystine-S of animal hair and various wools, as deter- 
mined by the Sullivan [1929], Folin & Looney [1922] and Folin & Marenzi [1929] 
methods, was identical with the total S. Subsequently, Barritt [1934] found that 
2-4-4-8 % of the S of wool was also present as methionine, which Mueller [1923] 
had previously isolated in an impure form from wool hydrolysates. In the case 
of insulin, the whole of the S is present as cystine [Miller & du Vigneaud, 1937]. 

Claims for the presence of S-containing acids other than cystine have been 
made by Blumenthal & Clarke [1935], who observed that 2-7 °% of the total S 
of 6 proteins examined was oxidized by bromine water to sulphate, arising 
possibly by oxidation of the thiolglyoxaline group of thiolhistidine. They dis- 
tinguish yet another form of proteia-S which is oxidized to sulphate by boiling 
HNO,, but is stable to plumbite. 


EXPERIMENTAL DETAILS AND CRITIQUE OF METHODS ADOPTED 


Protein preparations. The edestin and gliadin were prepared according to 
accepted methods, the former being twice recrystallized; the N contents were 
18-4 and 17-1% respectively. Scoured samples of wool and kemp were obtained 
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from commercial sources and other samples from the raw fleece. The kemp fibre 
was hand-picked to prevent admixture with wool and only the middle portions 
of the wool fibre were utilized. All samples were defatted by washing in 5 changes 
of warm benzene, finally in light petroleum, and after drying were rendered 
ashless by steeping in several changes of distilled water containing 1 ml. of V/10 
HCl per 1. 

Total S. In the earlier experiments, the protein was intimately mixed with 
25 times its weight of a 1:1 mixture of Na,CO, and Na,O, and fused in a 
nickel tube. It was found exceedingly difficult to prevent violent explosions, 
and the method was modified to permit of slow fusion. 0-3 g. of protein (or its 
equivalent after hydrolysis) was digested in a small nickel crucible with 4 ml. of 
10% NaOH and evaporated over a micro-flame to 1 ml. 4g. of anhydrous 
Na,CO, were then added and drying was continued overnight at 108°. The mass 
was now mixed with 4g. Na,O,, fused slowly over a micro-flame and finally 
brought to red heat. After cooling, the melt was dissolved in water, neutralized 
with HCl, filtered and the sulphate precipitated with BaCl, at a slightly acid 
reaction. Previous workers in this laboratory had found that oxidation of 
protein-S by the Benedict-Denis reagent was incomplete, giving results con- 
siderably lower than those obtained by alkali fusion. This method was therefore 
abandoned. 

Methionine. The procedure of Baernstein [1932, 1] was slightly modified. 
The volatile iodide arising from the action of HI on the protein was washed in 
a suspension of red phosphorus containing H,SO, and CdSO, and passed into 
10 ml. of alcoholic AgNO,. In the initial stages of the reaction, small amounts 
of sulphide escaped the wash liquor and were retained by the silver solution. 
After 8 hr., the absorption tubes were detached, the AgNO, diluted with water, 
filtered through a washed gravimetric paper, and the precipitate and paper 
were finally washed free of silver ions. Filtrate and washings were diluted to 
100 ml., and 20 ml. aliquots were titrated against V/50 KCNS. The precipitate 
of iodide and sulphide was boiled with dilute HNO,, and the amount of AgNO, 
regenerated from the sulphide was determined by titration, thus enabling the 
appropriate correction to be applied. 

Although aware that a portion of the Ag precipitate is soluble in HNO,, 
Baernstein observes that only by omitting the treatment with acid is the Ag 
content of the precipitate equivalent to the methionine taken. Such omission is 
not in accordance with the recognized Zeisel procedure and its modifications, 
and seems dubious in view of the fact that different proteins evolve different 
amounts of H,S which may or may not be efficiently trapped. After applying 
a correction for substances soluble in HNOg,, it has been possible to obtain 
theoretical values for the MeO content of vanillin, and to obtain a 95 % recovery 
of methionine. Baernstein’s average methionine recovery was 97-6+1-4%. 

Since most proteins are initially dried by alcohol and ether, there is some 
danger of obtaining volatile iodide from these sources if further drying is 
inadequate. In the case of a fibrous protein like myosin, it is difficult to remove 
the last trace of alcohol even at 108°. The values obtained by digesting the 
protein directly with HI may, however, be checked in the following way. The 
protein is hydrolysed for 7 hr. by boiling with 10 times its weight of 5 N HCl and 
is then evaporated to dryness in vacuo, redissolved in water and re-evaporated 
to complete dryness in vacuo at 100°. During hydrolysis and evaporation, which 
are effected in the flask ultimately used for the HI digestion, all volatile alcohols 
are completely removed, and the degraded protein may be subjected to the 
Baernstein procedure. 
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Method of protein hydrolysis for cystine determination. The protein was gently 
refluxed with 10 parts of 5N HCl for 15 hr. The acid was neutralized in the cold 
to pH 2-5 with 20% NaOH, and the acid-insoluble humin was separated by 
centrifuging, washed 3 times with small amounts of water, and the combined 
liquors were diluted to a volume containing approx. 0-5 mg. of cystine per ml. 
and filtered clear. That the method of neutralization with alkali does not result in 
destruction of cystine was verified by subjecting cystine in 5N HCl to the 
same procedure and estimating the recovery by the methods to be outlined 
below. 

Methods for cystine determination. Three methods were adopted, Sullivan’s 
[1929], Lugg’s modification [1933] of Sullivan’s and Lugg’s modification [1932] 
of the Folin-Marenzi [1929] method. These latter modifications have not generally 
been applied to the determination of cystine in protein hydrolysates. Sullivan’s 
method itself, though employing a reagent specific for cystine, has been subject 
to criticism on account of the erratic colour variations to which it is prone. 
Some sources of error, recently summarized by Andrews & Andrews [1937], are 
due to inhibition of colour development by reducing agents such as sulphides, 
ascorbic acid, adrenaline, aldehydes and simple sugars. Rossouw & Wilken- 
Jorden [1934] emphasize the necessity of allowing a time interval of at least 
20 sec. between the addition of naphthaquinone and sulphite. In a recent 
critique, Lee [1935] has shown that disregard of the pH of the medium in which 
colour development takes place invalidates the method, especially with proteins 
of low cystine content. Bushill e¢ al. [1934], using the Zeiss photometer, found 
variations in the extinction coefficient of + 25% as compared with +8 % in the 
Lugg modification. In the latter method an attempt has been made to remedy 
some defects of the original Sullivan method, viz. differences of pH between 
standard and assay, and reduction of the colour intensity of the latter by amino- 
acids other than cystine. Both defects are overcome by use of a glycine buffer 
which “swamps” all other amino-acids. For equal amounts of cystine, Lugg’s 
method gives a less intense colour than Sullivan’s, and a relatively greater care 
must be exercised to ensure that the solutions, after pouring into the colori- 
meter cups, are completely reduced before comparison, 

Lugg’s modification of the Folin-Marenzi method, which in principle utilizes 
the reduction of molybdenum-free phospho-18-tungstic acid by cysteine, again 
ensures a rigid control of pH by use of a citrate buffer at pH 5-6, and so avoids 
all the disadvantages of colour production at an alkaline reaction. In the original 
Folin-Marenzi method, precipitation often occurs during the determination 
and there are no means of correcting for extraneous reducers. In Lugg’s modi- 
fication, precipitation is avoided, and an ingenious correction is applied for 
reducers other than —SH groups. In presence of HgCl,, these latter produce no 
colour with phosphotungstic acid, and the colour developed by other reducers 
is measured by artifice. Since, however, such extraneous coloration is affected 
to some extent by HgCl,, Lugg found it necessary to incorporate ZnCl, in the 
buffer, and this not only provides a heavy metal effect on weak reducers, so 
minimizing the influence of HgCl,, but prevents also the formation of pre- 
cipitates with uric acid if this happens to be present. The presence of zinc 
inhibits to some extent the rate of colour development by cysteine, and to 
remedy this defect, NH,Cl is also included in the citrate buffer. The method is 
rapid and capable of a high degree of reproducibility, whilst colour matching is 
more precise than with Sullivan’s method or its modifications. The correction 
for extraneous reducers is of the order of 7-10% for most proteins of low 
cystine content, but for wool is almost negligible. 
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Mirsky & Anson [1934-35], in recent studies of the S—S and SH groups of 
proteins, have utilized a different modification of the Folin-Marenzi method, 
whereby colour development takes place in a phosphate buffer at pH 6-8 in 
presence of urea. The method does not include a correction for extraneous 
reducers, and in the absence of data as to its reliability, Lugg’s method was 
adopted in preference. In the initial stages of the research, Prunty’s modifi- 
cation of the Sullivan method was employed and was found to give results even 
lower than Sullivan’s method itself. With coloured hydrolysates of low cystine 
content (e.g. grass protein and casein) Prunty’s method may be applied with 
reasonable success, since the reduction of cystine by nascent hydrogen largely 
removes the colour contributed by humin. 

Selecting a well-defined crystalline protein such as edestin, it is of interest 
to compare the cystine values reported by various workers with those now 


obtained. 


Table I 
Method Observer Cystine % 

Mercaptide [ Vickery & White, 1933] V. and W. 1-25 
Reduction of phosphotungstic acid in F. and M. 1-35 
alkaline medium [Folin & Marenzi, 1929] 

Reduction of phosphotungstic acid in F. and L. 0-75 
alkaline medium [Folin & Looney, 1922 

Iodimetric [Okuda, 1925] Sullivan and Hess 1-32 
Iodimetric-gasometric [ Baernstein, 1930] B. 1-79 
Sullivan [1929] Sullivan and Hess 1-22 
Sullivan [1929] Author 1-14-1-17 
Sullivan-Lugg [Lugg, 1933] Author 1-26 
Reduction of phosphotungstic acid in acid Author 1-36 


medium [Lugg, 1932] 


There is good agreement between the Folin-Marenzi, Folin-Marenzi-Lugg, 
and iodimetric methods on the one hand, and between the mercaptide, the 
Sullivan (as determined by Sullivan and Hess) and Sullivan-Lugg methods on 
the other. The first series includes (as cystine) any additional (S—S) groups 
which may occur in the protein molecule, but the Sullivan method is specific 
for cystine as such. With the exception of wool and kemp hydrolysates, the 
Folin-Marenzi-Lugg method gives values higher than the Sullivan-Lugg method, 
and this in turn higher than the Sullivan method. This disparity between the 
specific and unspecific methods may be due to several factors: 

(1) Presence of a S-containing amino-acid other than cystine and methionine. 

(2) Inhibition of the Sullivan colour by substances present in the protein 
hydrolysate. 

(3) Decarboxylation or deamination of a portion of the cystine. 

An attempt was made to obtain evidence in support of this latter hypothesis. 
0-13 g. of cystine was dissolved in 50 ml. of 5N HCl, and 5 ml. were added to 
0-96 g. of edestin, which was then hydrolysed after further addition of 5 ml. of 
5N HCl. Simultaneously, 0-96 g. of edestin was hydrolysed in absence of added 











Table II 
Cystine estimated (mg.) 

Wt. of Wt. of — Folin-Marenzi-Lugg Sullivan-Lugg Sullivan 
edestin added ———— — —— —, =ee-==——T"—“_7 
taken (g.) cystine (a) (b) (a) (b) (a) (b) 
0-96 13 mg. 25-7 26-2 25-35 25-0 25-58 24-6 
0-96 None 12-9 13-0 12-07 11-9 11-4 11-3 
Recovery 12-8 13-2 13-28 13-1 14-18 13-3 
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cystine. As standard, 10 ml. of the original cystine solution were partially 
neutralized and diluted to 50 ml., the final acid concentration being V/10. The 
hydrolysates were then neutralized and the cystine contents determined 
(Table I). 

A theoretical recovery of cystine was possible by all three methods in spite 
of the fact that the total cystine estimated differed for each method. When 
cystine itself was subjected to the same conditions of hydrolysis the recovery 
was equally good (99+ 2%), and all methods gave almost identical values, as is 
the case with hydrolysates of wool and kemp. If therefore the disparity between 
the Folin-Marenzi-Lugg and Sullivan-Lugg values in the case of many protein 
hydrolysates is due to the existence of deaminated or decarboxylated cystine, 
one must assume that part of the cystine has a reactivity, in the initial stages of 
hydrolysis (i.e. in the peptide stage), greater than that of free cystine, but that 
its reactivity in proteins of high cystine content is normal. It is known for 
example that the reactivity of cystine peptides is greater than that of cystine 
itself [Nicolet, 1935], and that in most globular proteins the appearance of 
—SH groups readily occurs when the original specific configuration is modified 
during the degenerate stage of denaturation [Bailey, 1937; Astbury et al. 1935). 
Wool fibre and insulin crystals on the other hand are stabilized systems, and it is 
possible that the reactivity of the molecule as a whole reflects the activity of 
the cystine. 

Apart from the possible existence in protein hydrolysates of cystine in which 
one or more groups are modified, condensation reactions may occur in presence 
of certain extraneous materials, giving rise to products which are insensitive to 
the usual colour reactions. Roxas [1916] observed that cystine, boiled with 
glucose and HCl, gave rise to a humin precipitate containing 3 % of the cystine- 
N, and that this figure could be increased by addition of proline to the system, 
despite the fact that proline, in absence of cystine, was not a source of humin. 
Dowell & Menaul [1919] found that cystine and tyrosine boiled separately with 
furfuraldehyde and 10°, HCl for 2 hr. were deaminated to the extent of 85 
and 90 % respectively, whereas glycine was unaffected. The effect of a furfuralde- 
hyde-yielding carbohydrate on cystine destruction was examined by hydrolysis 
of edestin in presence of 10% arabinose (Table III). This resulted in the pro- 
duction of a bulky humin precipitate (7-9°% of the weight of protein taken) 
containing over 10% of the total S, and cystine was destroyed to the extent of 
30%. The hydrolysate was found to contain substances which reduced phos- 
photungstic acid after addition of metabisulphite, thus involving a large cor- 
rection for extraneous reducers, On this account the method is not very accurate 
with such hydrolysates, and gives a value equal to and not greater than that of 
the Sullivan-Lugg method. These results are in fact typical of those proteins 
containing a closely bound non-nitrogenous moiety, e.g. the grass proteins. 
The humin fraction of cocksfoot protein is extremely large and contains 29% 
of the total S, whilst only 57 % of the S in the hydrolysate can be accounted for 
as cystine! and methionine. It appears therefore that condensation products of 
cystine are by no means concentrated in the humin fraction, but give rise to 
soluble substances which do not react to the Folin and Sullivan reagents. It 
must again be emphasized that cystine peptides may condense even more 
actively than cystine itself and condensation will be facilitated if the protein 

1 In confirmation of the destruction of the cystine of grass proteins by HCl hydrolysis, Lugg 
(private communication) records a 6-fold increase in the cystine content of cocksfoot protein using 
the Baernstein HI method [1936, 2], which eliminates humin formation. In spite of the higher 
value by this method Lugg believes that the cystine is still under-estimated. 
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contains free —SH groups in the form of cysteine. Native proteins such as 
haemoglobin and crystalline lens protein do contain SH groups according to 
Mirsky & Anson [1936], and these are subject not only to condensation with 
substances of an aldehydic nature [Schubert, 1936] but in the intact protein 
they may be oxidized partly to S—S groups and partly to sulphinic and 
sulphonic acids which do not reduce the phosphotungstic reagent [Lavine, 
1936] or respond to the Sullivan reaction. The factors responsible for errors in 
the determination of cystine may now conveniently be summarized. (1) Errors 
in the methods adopted, e.g. inhibition of the colour by extraneous reducers in 
the case of the Sullivan reaction. (2) Losses occurring during hydrolysis. Under 
this heading must be included deamination, decarboxylation or condensation of 
cystine with substances of an aldehydic nature; oxidation and/or condensation 
of any pre-existing cysteine molecules. Such reactions may not necessarily 
occur with cystine or cysteine in the free form, but the increased activity of 
these amino-acids in peptide form probably enhances their susceptibility to 
reactions of this type. 
COLLECTED RESULTS 

The S distribution of edestin and other proteins is set out in Table III. The 
results are expressed in the following way: total disulphide groups by the Folin- 
Marenzi-Lugg method are expressed as (S—S), cystine as determined by the 
Sullivan-Lugg method as C,, methionine as M,, total S of the protein as P,, 
S of the hydrolysate as H,. Values are now recorded for 

[((S—S)+M,]/P,, [(Cs+M5]/P,, (S—S)+M,]/H,, (C+ M,)/Hs. 

When a protein is hydrolysed, some of the 8 passes into the humin fraction, and 
traces of H,S are evolved. In general, therefore, P,>H, and since (S—S)>C, 
the value [(S—S)+M,]/H, shows the maximum recovery of 8, and [C,+ M,]/P, 
the minimum, except in the cases of wool and kemp, where (S—S) is approxi- 
mately equal to C,. 

At least 6% of the S of edestin and 7% of the S of gliadin are unaccounted 
for as cystine and methionine. Apart from the possible presence of undis- 
covered S-containing amino-acids these figures include losses involved in the 
determination of cystine, already fully discussed, and approximately 3% error 
in the determination of methionine. If allowance is made for this latter error, it 
is evident that the amount of undetermined S-containing amino-acid remaining 
in the hydrolysate and expressed as a percentage of the protein is 0-17 % for 
edestin and 0-28 % for gliadin (assuming the S content of the amino-acid to be 
about 25%). The same edestin sample hydrolysed in presence of arabinose 
shows aS recovery in the hydrolysate of only 77 % and almost 11% of the total 
S remains in the humin. The destruction of cystine amounts to 30% and of 
methionine to 20%. Similarly, the humin fraction of cocksfoot protein contains 
29% of the total S, whilst only 56% of the S in the hydrolysate is attributable 
to cystine and methionine. In both cases, soluble unestimated condensation 
products of cystine appear to be present in the hydrolysate. 

The analysis of samples of wool and kemp obtained from commercial sources 
points to a destruction of cystine occurring most probably during the scouring 
process. Only 90°% of the total S of scoured wool was interpretable in terms of 
cystine and methionine, but a greater discrepancy was discovered in the sample 
of kemp, which gave a corresponding value of 36°% and contained <2% of 
cystine. The source and history of a protein are especially important therefore 
if reliable estimates for its S distribution are to be made. The samples of wool and 
kemp obtained from the raw fleece gave analyses in agreement with those of 
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Rimington and co-workers, i.e. 98-99% of the total S was accounted for. A 
remarkable feature of the cystine values for wool and kemp is the agreement 
between the total disulphide and cystine, in spite of the fact that the colour 
correction for extraneous reducers in the former case is negligible. Rimington 
[1929] also obtained reasonable agreement between the Sullivan and Folin- 
Looney methods applied to various keratin hydrolysates. The methionine values 
of wool determined directly on the dry specimen and on the evaporated hydro- 
lysate were in agreement with each other and with the value obtained by Barritt 
[1934] for a comparable sample of Western Australian wool. Thus in the well- 
defined keratins which have been investigated both by Rimington and the 
author, it appears that no S-containing acids other than cystine and methionine 
occur, except perhaps in very small amounts. 


SUMMARY 


1. Various methods for the determination of cystine in proteins are reviewed. 
For pure proteins, Lugg’s [1932] modification of the Folin-Marenzi method is 
advocated as a measure of total disulphide, and for the estimation of cystine 
by a specific method, Lugg’s [1933] modification of Sullivan’s method is re- 
commended, provided that the cystine content of the protein is greater than 
0-5%. 

2. The S§ distributions of edestin, gliadin, wool and kemp have been in- 
vestigated. Expressed as a percentage of the 8 in the hydrolysate, the S un- 
accounted for in terms of total disulphide (as cystine) and methionine amounts 
to 6-7 % in the cases of edestin and gliadin. In confirmation of the results of 
Rimington and co-workers, the S of wool and kemp is almost wholly attributable 
to cystine and methionine, the latter being present only in small amounts. In 
scoured samples of these keratins, the cystine content is low, owing probably to 
oxidation of the disulphide bond. 

3. In the hydrolysates of wool and kemp, the total disulphide expressed as 
cystine agrees reasonably well with the cystine content (as determined by specific 
methods), but in the case of gliadin and edestin, the cystine figure is always 
lower. This discrepancy may arise either by presence of (S—/S) groups other 
than cystine, by defects in the Sullivan method, or if part of the cystine is 
deaminated or decarboxylated during hydrolysis of the protein. When, however, 
cystine itself, or cystine added to edestin, is subjected to the conditions adopted 
for hydrolysis, 100° recovery is obtained in both the Folin and the Sullivan 
modifications. It is suggested, therefore, that the reactivity of cystine in many 
proteins, like that of cystine peptides, is greater than that of free cystine, and 
deamination and decarboxylation may occur during the initial stages of hydro- 
lysis when the cystine exists in peptide form. 

4. Hydrolysis of proteins in presence of carbohydrate (as pentose) results 
in the production of large amounts of S-containing humin. There is a considerable 
destruction of cystine and methionine and condensation products of the former 
are apparent in the humin and the hydrolysate. The significance of these results 
in relation to the S distribution of the grass proteins is discussed. 


The author wishes to thank Prof. A. C. Chibnall and Dr J. W. H. Lugg for 
their valuable criticism and advice, and is indebted to the Rockefeller Foun- 
dation for financing this research. 





neem = 


ene 


i 
' 
ft 
' 





SULPHUR DISTRIBUTION OF PROTEINS 1405 


REFERENCES 


Andrews & Andrews (1937). J. biol. Chem. 118, 555. 
Astbury, Bailey & Dickinson (1935). Biochem. J. 29, 2351. 
Baernstein (1930). J. biol. Chem. 89, 125. 

—— (1932, 1). J. biol. Chem. 97, 663. 

—— (1932, 2). J. biol. Chem. 97, 669. 

—— (1934). J. biol. Chem. 106, 451. 

—— (1936, 1). J. biol. Chem. 115, 25. 

(1936, 2). J. biol. Chem. 115, 33. 

Bailey (1937). Proc. Leeds phil. lit. Soc. 3, 334. 
Barger & Coyne (1928). Biochem. J. 22, 1417. 
Barritt (1934). Biochem. J. 28, 1. 

— & Rimington (1931). Biochem. J. 25, 1072. 
Blumenthal & Clarke (1935). J. biol. Chem. 110, 343. 
Bushill, Lampitt & Baker (1934). Biochem. J. 28, 1293. 
Dowell & Menaul (1919). J. biol. Chem. 40, 131. 

Folin and Looney (1922). J. biol. Chem. 51, 421. 

—— & Marenzi (1929). J. biol. Chem. 83, 103. 
Hess (1933). J. biol. Chem. 100, liv. 

Lavine (1936). J. biol. Chem. 113, 583. 
Lee (1935). Aust. J. exp. Biol. med. Sci. 13, 229. 
Lugg (1932). Biochem. J. 26, 2160. 

—— (1933). Biochem. J. 27, 668. 

Miller & du Vigneaud (1937). J. biol. Chem. 118, 101. 
Mirsky & Anson (1934-35). J. gen. Physiol. 18, 307. 
(1936). J. gen. Physiol. 19, 439. 

Mueller (1923). J. biol. Chem. 56, 157. 

Nicolet (1935). Science, 81, 181. 

Okuda (1925). J. Biochem., Tokyo, 5, 201. 

Pollard & Chibnall (1934). Biochem. J. 28, 326. 
Prunty (1933). Biochem. J. 27, 387. 

Rimington (1929, 1). Biochem. J. 23, 41. 

(1929, 2). Biochem. J. 23, 726. 

— (1930). Biochem. J. 24, 205. 

Rossouw & Wilken-Jorden (1934). Onderstepoort J. vet. Sci. 2, 361. 
Roxas (1916). J. biol. Chem. 27, 71. 

Schubert. (1936). J. biol. Chem. 114, 341. 

Sullivan (1929). Publ. Hlth Rep., Wash., 44, No. 24, 1421. 

Vickery & White (1933). J. biol. Chem. 99, 701. 




















CLXXV. COMPOSITION OF THE MYOSINS AND 
MYOGEN OF SKELETAL MUSCLE 


By KENNETH BAILEY 


From the Biochemical Department, Imperial College of Science and 
Technology, South Kensington, London, S.W. 7 


(Received 30 June 1937) 


THE individual proteins of skeletal muscle are sufficiently well characterized to 
warrant a detailed investigation of their composition. There are in muscle at 
least three salt-soluble proteins, the globulin myosin, the albumin myogen and 
a further globulin termed by Weber [1933] globulin X, which separates when 
pressed muscle juice, free from myosin, is dialysed. Recently, Smith [1937] has 
postulated the presence of small amounts of another albumin, myoalbumin, 
which has a lower isoelectric point than that of myogen. Of these proteins, 
myosin occurs in the greatest proportion; it is characterized by an isoelectric 
point at pH 5-5, and in the absence of salt at neutrality forms a gelatinous 
thixotropic precipitate. Although its solubilities are typically those of a globulin, 
it is almost unique in exhibiting double refraction of flow [Muralt & Edsall, 
1930], a property possessed by long anisotropic particles such as are found 
amongst the plant virus proteins. Weber & Stéver [1933] assess the particle 
weight of myosin as high as 0-6—1-2 x 10°, decreasing in urea solution to 100,000. 
In terms of the theory of denaturation put forward by Astbury e¢ al. [1935], a 
high-molecular elongated molecule of this nature is configurationally disposed 
towards denaturation, and the ease with which myosin sols become denatured, 
on standing, on warming, or by addition of small amounts of alcohol is a 
characteristic which distinguishes it from many other globulins. 

The physical properties of denatured myosin films, correlated with a study 
of their X-ray diffraction patterns suggest a configuration closely allied to that 
of keratin [Astbury & Dickinson, 1935]. Thus, according to the degree to which 
such films are stretched, X-ray patterns resembling the «- and f-keratin states 
may be obtained. On exposure to steam, the f-form is “‘set’’ at the 
expense of the «-modification as in the case of stretched hair; both types of 
protein are reversibly elastic, and unstretched myosin films exhibit the pheno- 
menon of supercontraction as does the labile form of keratin in which the cystine 
and other bridges between adjacent peptide chains have been dissolved. In a 
highly hydrated elastic mechanism such as myosin, the disulphide cross linkage 
typical of keratin is hardly conceivable and the incorporation of large amounts of 
cystine would seem unnecessary. It is known that the cystine content of whole 
muscle is low, but it seemed of great interest to ascertain whether the myosins 
prepared from representative species of several metazoic classes contained a 
uniformly low proportion of cystine, just as the keratins as a group are char- 
acterized by a high cystine content. The S content of keratin, however, which is 
almost wholly attributable to cystine, is by no means uniform, and varies from 
1-35 % in porcupine quill to 5-1 % in human hair. 

Apart from any analogy with keratin, it is of even greater interest to ascer- 
tain whether in the course of evolution a fundamental amino-acid composition 
has been elaborated for the myosins of all species, or whether differences are 
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detectable. For this purpose, values have been obtained for total N, amide N, 
total 8, cystine, methionine, tyrosine and tryptophan. The myosins selected 
were representative of the crustaceans (lobster), fish (whiting), birds (chicken), 
mammals (rabbit, dog, ox); of the myogens, only that of rabbit has been 
analysed. 

The extent to which analyses of myosin contribute to the analysis of whole 
muscle may be gauged from existing data on the partition of N between the 
various proteins of muscle. Earlier figures (e.g. those of Weber [1933] and of 
Smith [1934]) assess the myosin content of rabbit muscle at a value lower than 
that recorded by Smith’s most recent analysis [1937]. As a percentage of the 
total intracellular N, it is seen (Table I) that the proportion of myosin in rabbit 
muscle is comparable with that of fish, but the proportions of stroma in the 
two cases are different. Discussion of the figures for myogen, globulin X and 
myoalbumin is not germane to the present investigation, but these should not 
be accepted without reference to the original papers. 


Table I. Partition of N between the proteins of skeletal muscle 


(g. N/100 g. of total coagulable N) 


Composition of intracellular fraction 
(N as percentage of total intracellular N) 





Intra- 7 . 
Stroma cellular Globulin Myo- 
Muscle protein protein Myosin Myogen xX albumin 
Rabbit [Smith, 1937] 15 85 67-5 9 22-5 1 
Rabbit | Weber, 1933] 17 83 47 26-5 26-5 — 
Haddock [Reay & Kuchel, 1936] 3 97 69 18-6* Residual intra- 


cellular 12-4 
* This figure includes globulin X if present in fish muscle. 


Existing analyses of pure myosin and myogen are relatively few, and are 
collected in Table II for comparison with results reported in this paper. 
Table II. Previous analyses of muscle proteins 


(Results expressed as a percentage of protein dry weight) 


Tyro- Trypto- 


Protein Author N S P sine phan Cystine 
Rabbit myosin Weber [1933] — 1-0 009 ~5 ~1:3 — 
“ Todrick & Walker [1937] 15-3 0-94 — = -— 0-27* 
+5 Mirsky [1936] — _- — — 0-67 
Cow cheek myosin Folin & Marenzi [1929] — - 3-92 0-98 — 
Rabbit myogen Weber [1933] -- 0-77 0-028 ~6 ~1-5 . 


* As cysteine. 


N and § figures are lower than those obtained by the author, whilst tyrosine 
and tryptophan figures are higher. According to Todrick & Walker, native 
myosin at pH 7-6 contains 0-27-0-3 % of —SH groups, i.e. approximately 35% 
of the total cystine content. Dried preparations of myosin even when freshly 
prepared give no evidence of —SH groups in the hydrolysate, yet in the de- 
natured preparations of Mirsky & Anson [1934-35], the alleged —SH groups were 
exposed to temperatures of 108° without apparent destruction. The specificity 
of many methods for the determination of sulphydryl in denatured and un- 
denatured proteins is on the whole somewhat questionable, and further discussion 
will be deferred to a future investigation of the —SH groups of myosin. 
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EXPERIMENTAL 
Preparation of proteins 


For myosin, the procedure of Edsall [1930] was followed. The buffered KCl 
extract of the minced muscle was poured into 20 vol. of ice-cold water, and the 
precipitated protein after centrifuging was redissolved in KCl, filtered through 
paper pulp and reprecipitated. After centrifuging and washing, it was dried in 
several grades of alcohol, then in ether and finally in vacuo over P,O;. All 
specimens of rabbit and dog myosin were prepared from the hindlimb muscles 
and longissimus dorsi after perfusion of the animals with ice-cold 1% saline 
via the thoracic aorta. Only the abdominal and pincer muscles of the lobster 
and the breast muscle of chicken were utilized. Specimens of fish myosin were 
supplied by Dr G. A. Reay of the Torry Research Station; some samples of 
rabbit myosin and all samples of rabbit myogen were supplied by Mr E. C. Bate 
Smith of the Low Temperature Research Station, Cambridge. The preparation 
of myogen is described in a recent paper [Smith, 1937]. 


Sulphur distribution 


Methods and conditions of hydrolysis have been described in a previous 
paper [Bailey, 1937], but several additional comments are necessary. 

Methionine. The determination of methionine on specimens of myosin dried 
by alcohol is not possible, since even on further drying at 108°, traces of alcohol 
are retained by the protein, and these lead to the production of volatile iodide 
with HI. If however the protein is allowed to swell in 20 times its bulk of 
0-1.N NaOH, and after addition of an equivalent amount of HCl, is evaporated 
to dryness, so removing volatile alcohols, the methionine value is then equal to 
that obtained after preliminary hydrolysis of the protein with HCl. The possi- 
bility of the occurrence of labile methoxyl or ethoxyl groups arising from 
esterified carboxyl groups was not overlooked. No alcohol could be detected 
by the sensitive test of Schryver & Wood [1920] when freshly precipitated 
myosin was heated with dilute alkali, whereas positive tests were obtained with 
alcohol-dried samples. The amount of alcohol retained by samples of rabbit 
myosin after drying overnight at 108° is of the order of 0-2%. 

Cystine. The colorimetric determination of cystine in myosin, as in all 
proteins of low cystine content, is rendered less accurate by the colour con- 
tributed by the hydrolysate. This error is least in Lugg’s modification [1932] 
of the Folin-Marenzi method, where it is included in the correction for ex- 
traneous reducers. The relation between the cystine content of myosin and time 
of hydrolysis was investigated in the cases of rabbit and chicken myosins 
(Table III). At all points the Folin-Marenzi-Lugg value exceeds the Sullivan- 
Lugg, and at 43 hr. both values show a decrease due apparently not only to 


Table III. Relation between the cystine content of myosin 
and time of hydrolysis 


Cystine % 
Time of poo 
hydrolysis Folin-Marenzi- Lugg 
hr. Lugg [Lugg, 1932] [1933] 
Rabbit myosin 7 0-77 0-65 
15 0-76 0-61 
43 0-53 0-42 
Chicken myosin 7 0-90 0-81 
15 0-85 0-74 
43 0-57 0-45 
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deamination or decarboxylation, but also to reactions involving the disulphide 
group. 15 hr. were adopted as the standard period of hydrolysis, in conformity 
with conditions obtaining in the previous paper [Bailey, 1937]. 


Uniformity of specimens with respect to S distribution 


At least two specimens of each myosin type have been analysed, and the 
results are expressed in an abbreviated form in Table IV. All samples inter se 
show some variation in cystine content, but divergences in the total S, methio- 
nine and cystine are most marked in fish myosin. This latter is in fact more 
difficult to prepare than mammalian myosin, since the KCI sol is often viscous 
and difficult to filter. 


Table IV. Uniformity of myosins with respect to S distribution 


Results expressed as a percentage of protein dry weight (ash-free) 
Total (S—S) 
Folin- 
Marenzi- 
Lugg 
Protein Source of protein TotalS Methionine method N 

Rabbit myosin (AA) E. C. Bate Smith 1-10 3-4 0-82 16-7 

(AB) * 1-11 3-4 0-84 16-6 

(AC) J. G. Sharp —- 3-4 0-82 16-7 

(AD) Author 1-10 3-4 0-77 16-7 

Dog myosin (BA) oo 1-06 3-3 0-80 16-5 
(Schoeller) 

(BB) *” 1-06 3°35 0-72 16-6 

Chicken myosin (CA) Je 1-10 3-4 0-92 16-7 

(CB) % 1-12 3-4 0-85 16-6 

Fish myosin (DA) G. A. Reay 1-19 3-6 0-98 16-5 
(Schoeller) 

(DB) 9 1-14 3-4 0-85 16-7 

(DC) - 1-2] 3-65 0-94 16-6 

Lobster myosin (EA) Author 1-17 3-4 1-0 16-7 

(EB) x“ 1-21 3-45 0-92 16-6 

Rabbit myogen (FA) E. C. Bate Smith 1-29 2-8 1-96 16-6 

(FB) : 1-26 2-9 1-90 16-6 
(Schoeller) 


Selecting representative analyses from each group, these results are expanded 
in Table V. 

The total S in mammalian and chicken myosins varies between 1-06 and 
1-:12%, but in fish and lobster myosins it rises to 1-21°%. The S of myosin 
hydrolysates, after removal of humin at pH 2-5 is less than that of the protein 
itself. Direct determination of humin-S and S evolved as H,S during hydrolysis 
accounts for 3-4 and 1-2 % of the total S respectively, and these figures are in 
accord with the observed differences in S content of protein and hydrolysate. 
The methionine values, with the exception of fish myosin, are uniform. The 
total disulphide of fish and lobster myosins is greater than that of chicken 
myosin, and this in turn is higher than those of the mammalian myosins. In all 
cases the Folin-Marenzi-Lugg method gives results considerably higher than 
the corresponding Sullivan methods, and even on the assumption that the total 
disulphide is derived solely from cystine, the average S recovery in terms of 
(S—S) and methionine is 85% of the total S, and 89°% of the S in the hydro- 
lysate ; when on the other hand the Sullivan-Lugg value for cystine is utilized, the 
corresponding figures are each 3% lower. Little importance can be attached to 











myogen (FA) 
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Table V. S. distribution of muscle proteins 


Results expressed as a percentage of protein dry weight 


myosin (AD) 


S on 
hydroly- 
sate 
after 
removal Cystine 
of a 
humin Folin- (S-S)+M, C,+M, (S-S)+M, C,+M, 
S on at Methio- Marenzi- Sullivan- 8 8 8 $ 
Protein protein pH 2-5 nine Lugg Lugg Sullivan % os % 0 
Rabbit 1-10 1-06 3-4 0-77 0-62 0-53 85-3 81-6 88-5 84-7 
1-06 1-02 3-35 0-72 0-58 0-50 86-1 82-6 89-5 86-0 


myosin (BB) 
Chicken 1-12 1-06 3-43 0-85 0-74 0-60 86-2 83-7 91-1 88-3 
myosin (CB) 


myosin (DC) 


myosin (EB) 


1-2] 1-15 3-65 0-94 0-83 0-72 85-7 83-3 90-2 87-6 

Lobster 1-21 1-15 3-45 0-92 0-75 0-65 81-7 78-0 86-0 82-1 
Rabbit 1-29 1-22 2-8 1-96 1-86 1-80 87:3 85:3 92-3 90-2 
Average S recovery for myosin 85-0 = 82-0 os 89-0 aa 86-0 


the Sullivan values in the case of myosin hydrolysates, since the pH at which 
colour development takes place is largely fortuitous, depending on the volume 
of hydrolysate used in each determination. Any error induced by a lowering of 
pH will be most marked in proteins of low cystine content, as Lee [1935] showed 
in experiments with casein. The S distribution of rabbit myogen readily dis- 
tinguishes it from rabbit myosin; the total S and cystine contents are higher, 
and the methionine lower. 


Determination of tyrosine and tryptophan 


Lugg’s [1937] colorimetric method was adopted. The determination depends 
upon the simultaneous formation of a soluble tyrosine-mercury and an insoluble 
tryptophan-mercury complex, which are separated by centrifuging. The trypto- 
phan compound is dissolved in 12N H,SO, containing HgCl, and HgSO,, and 
both tryptophan and tyrosine are determined in their respective solutions by 
comparing the colour which develops in presence of nitrite with that of a standard 
treated in an identical manner. The method is a considerable improvement on 
the Folin & Ciocalteu [1927] method. Not only have the conditions for the 
production of the mercury compounds been studied in great detail, but the 
faint cloudiness which sometimes develops in the tyrosine assays is avoided, 
and the procedure for determination of tryptophan is entirely changed and 
simplified. The hydrolysis of the protein was effected by digesting 0-32 g. of 
protein with 3 ml. of 5N NaOH at 100° in a sealed tube for 20 hr. After cooling 
and diluting, the hydrolysate was adjusted to pH 2-5 with 5N H,SO,, centri- 
fuged and the silica precipitate produced from the glass by alkali erosion was 
washed 4 times with water and twice with 0-1N H,SO,. The hydrolysate and 
washings were then diluted to 25 ml. and stored in the dark. 2 ml. of this 
solution were compared, in the case of myosin hydrolysates, with a standard 
containing 1 mg. of tyrosine and 0-25 mg. of tr yptophan. In the case of edestin 
(included in the: series to allow of comparison with older methods) and of rabbit 
myosin, there was a slight destruction of tryptophan and tyrosine with longer 
periods of hydrolysis (Table VI). 
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Table VI. Relation between tyrosine and tryptophan contents 
and period of hydrolysis 


Period of 


hydrolysis Tyrosine Tryptophan 
Protein hr. % % 
Edestin 20 4-24 1-43 
36 4-13 1-46 
67 4:10 1-36 
Rabbit myosin 20 3-38 0-84 
38 3°33 0-83 


It is important to note that Folin & Marenzi [1929], using a specimen of 
Osborne’s edestin, obtained figures in excellent agreement with those quoted 
for the 20-hr. hydrolysis, viz. tyrosine 4-28 %, tryptophan 1-46%. The values 
obtained for a series of myosins and rabbit myogen are tabulated in Table VII. 


Table VIL. Tyrosine and tryptophan contents of muscle proteins 


Tyrosine Tryptophan 
Protein % % 
Rabbit myosin (AC) 3-38 0-84 
(AB) 3-38 0-82 
(AD) 3-40 0-82 
Dog myosin (BB) 3-28 0-76 
Ox cheek myosin 3-22 0-84 
Chicken myosin (CB) 3-27 0-80 
Fish myosin (DB) 3-90 0-82 
(DC) 4-30 0-95 
(DE) 4-40 1-10 
Lobster myosin (EB) 3°58 0-85 
Rabbit myogen (FD) 4-21 1-5] 


Attention may be drawn to the following points: (1) The values obtained for 
rabbit myosin prepared by different workers show excellent agreement. (2) These 
values agree reasonably well with those of dog, ox cheek and chicken myosins. 
(3) The tyrosine contents of fish and lobster myosins are somewhat higher, but 
different samples of fish myosin do not agree inter se. (4) Rabbit myogen is 
richer in tyrosine and tryptophan than the corresponding myosin, the values 
being comparable with those of edestin. (5) In comparison with the tryptophan 
contents of many food proteins, e.g. casein, egg albumin and lactalbumin, the 
myosins are relatively poor in tryptophan. 


Amide-nitrogen 


The conditions of hydrolysis for the liberation of amide-N were studied by 
Vickery [1922] in the case of wheat gliadin, and by Shore et al. [1936] in the case 
of ovalbumin. Amide-N is set free very readily by boiling with dilute acids, but 
higher values are obtained if peptide hydrolysis of the protein is completed by 
use of stronger acids; this increase is usually attributed to deamination and to 
a slight breakdown of arginine. In the computation of the base-binding capacity 
of a protein the amide value obtained after mild hydrolysis of the protein is 
usually utilized. 0-3 g. of protein was refluxed with 10 ml. of 2N HC! for 3 hr., 
and the hydrolysate, after cooling, was neutralized to thymolphthalein, and 
aliquots were subjected to distillation in a micro-Kjeldahl apparatus. Complete 
hydrolysis for 15 hr. with 5N HCl gave an apparent increase of 6-7 % in the 
amide-N of edestin and rabbit myosin. Results are recorded in Table VIII. 

The mammalian and avian myosins again show excellent agreement, whilst 
fish and lobster myosins, and rabbit myogen give lower values. The total N of 
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Table VIII. Amide-N of muscle proteins 


Amide-N as 
Total N percentage of 
Protein % total N 
Edestin 18-4 9-4 
a (complete hydrolysis) -— 10-0 
Rabbit myosin (AD) 16-7 7-20 
cs (complete hydrolysis) —_ 7-66 
Dog myosin (BB) 16-6 7-17 
Ox cheek myosin 16-6 7-23 
Chicken myosin (CB) 16-6 7-00 
Fish myosin (DC) 16-6 6-66 
Lobster myosin (EB) 16-6 6-75 
Rabbit myogen (FD) 16-6 5-53 
= (FE) 16-6 5-30 


all myosins and myogen, reported here and in previous tables are, within the 
limits of experimental error, identical. 


COLLECTED RESULTS AND DISCUSSION 


The analyses reported in previous sections are collected in Table IX. 


Table IX. Representative analyses of muscle proteins 
(Except where otherwise stated, results are expressed as percentages of protein dry weight) 


Myosins 





c ‘ 
Rabbit Ox 
myogen Rabbit Dog cheek Chicken Fish Lobster 
N 16-6 16-7 16-6 16-6 16-6 16-6 16-6 
Ss 1-29 1-10 1-06 — 1-12 1-21 1-21 
Amide N as percentages of 5-53 7-20 7-17 23 7-00 6-66 6-75 
total N 
Cystine: 
(Folin-Marenzi-Lugg) (a) 1-96 0-77 0-72 0-85 0-94 0-92 
(Sullivan-Lugg) 1-86 0-62 0-58 0-74 0-83 0-75 
Methionine (0) 2-8 3-4 3°35 3-43 3-65 3-45 
Tyrosine (c) 4-2] 3-38 3-28 3-22 3-27 4-30 3-58 
Tryptophan (d) 1-51 0-82 0-76 , 0-80 0-95 0-85 
Sum of (a), (b), (c) and (d) 10-48 8-37 8-11 8-35 9-84 8-80 


The sum of total (S—S) groups (as cystine), methionine, tyrosine and 
tryptophan is highest in rabbit myogen; the corresponding figures for rabbit, 
dog and chicken myosins are uniform, the maximum variation from the mean of 
these 3 values being 2°; both lobster and fish myosins give a higher total, but 
deviation is most marked in the latter. Reviewing the analyses of different 
specimens of the same myosin, and of specimens of different myosins, it may be 
concluded that the mammalian and avian myosins, in so far as they have been 
analysed, show only minor analytical differences, and that these proteins are 
elaborated according to a precise amino-acid plan. The myosins showing most 
differences inter se, i.e. fish and lobster myosins, also show the greatest analytical 
deviations from the other myosins examined. But in all myosins, the general 
order of magnitude of each amino-acid constituent is the same. It should be 
noted, moreover, that cystine and tryptophan on the one hand, and methionine 
and tyrosine on the other, are present in the same proportions. As in the keratins 
there are variations in the cystine content, but the order of variation is not as 
large. In general, methionine has been elaborated in preference to cystine; 
of the 37 proteins examined by Baernstein [1932], only 3, exclusive of the 
muscle preparations, have methionine contents exceeding that of myosin. In 
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the keratins the conditions are reversed, and only small amounts of methionine 
occur. Comment has already been made on the fact that in the keratins, 
cystine plays an integral part in maintaining a specific molecular configuration, 
and although the denatured form of myosin is structurally related to keratin, 
and in particular to the supercontracting form of keratin, it is evident that 
the properties of native myosin and of muscle itself militate against the as- 
signation of a similar role in the case of muscle proteins. The observed differences 
in the § distribution of these two classes of proteins, the keratins and myosins, 
are therefore comprehensible. 
SUMMARY 

1. The total N, amide N, total 8S, cystine, methionine, tyrosine and trypto- 
phan of a series of myosins from skeletal muscle have been determined. Except 
for minor analytical differences, mammalian and avian myosins possess a 
uniform composition, but larger deviations are observed in the case of lobster 
and fish myosins. In all myosins analysed, the general order of magnitude of 
each amino-acid constituent is similar, and points to the existence of a funda- 
mental amino-acid plan for the elaboration of these proteins. 

2. Rabbit myogen differs markedly in composition from rabbit myosin. 

3. The total disulphide content, expressed as cystine, of all myosins examined 
varies between 0-72 and 1-0 % and the content of methionine between 3-35 and 
3-65 %. The average recovery of S in terms of total disulphide and methionine 
as a percentage of the S in the protein hydrolysate is 89%. It appears that 
methionine is elaborated in preference to cystine, and the significance of this 
fact is discussed in relation to the properties of denatured myosin films which 
are structurally related to the labile supercontracting form of keratin. 

4. The tryptophan content of the myosins in comparison with those of other 
food proteins (e.g. casein and egg albumin) is relatively low. 


The author is indebted to Prof. A. C. Chibnall, Dr W. T. Astbury, and Dr 
J. W. H. Lugg for advice and criticism, to Mr E. C. Bate Smith and Dr G. A. 
Reay for samples of muscle protein and for their invaluable co-operation, and 
finally to the Rockefeller Foundation for financing this research. 
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Untit about 1935 “vitamin B,” was thought to be a single substance. By 
general usage the term had come to acquire a meaning which in reality covered 
a number of different properties and phenomena. By “‘vitamin B,”’ was meant 
the heat-stable component of the accessory factor contained in yeast, which 
was needed (a) by rats as a supplement to vitamin B, to support normal growth, 
and which (6) protected against so-called “rat pellagra”’, as well as (c) against 
blacktongue in dogs, or (d) pellagra in human beings. It is now recognized that 
“vitamin B,”’, as thus defined by past usage in the literature, is composite. The 
first step towards the characterization of the complex was the recognition 
[Gyérgy et al. 1933] that lactoflavin had growth-promoting activity for rats. 
For a time it was assumed that lactoflavin was identical with ‘‘vitamin B,”’. 
Later it was shown that lactoflavin was not the same as the “rat pellagra” 
factor, which was thereupon named “vitamin B,” [Gyérgy, 1934; 1935, 1; 
Harris, 1935; Chick et al. 1935]. Lastly it has been shown [Birch et al. 1935] 
that the factor which protects against human pellagra (P.-P. factor) is yet a 
third component of the vitamin B, complex. In this same paper it was proved 
that the antiblacktongue factor for dogs was likewise distinct from lactoflavin 
or vitamin B,. No evidence was found to differentiate the antiblacktongue 
factor from the pellagra-preventing factor. According to the work carried out 
in this Institute the position to date can therefore be represented as follows: 
(lactoflavin, 
Vitamin B, complex = ; vitamin B,, 
| P.-P. (or antiblacktongue) factor. 

In the course of the work described in the last mentioned paper, experiments 
were carried out on a number of different species including rats, dogs, chickens, 
mice, rabbits and guinea-pigs and it was shown, inter alia, that rats differed 
from dogs or human beings in being relatively insensitive to shortage of P.-P. 
(or antiblacktongue) factor. The latter conclusion was in agreement with the 
independent finding of Miller & Rhoads [1935], who incidentally mentioned in 
the course of their work on swine, that young rats were able to gain weight 
when restricted to Goldberger’s blacktongue diet. 

These experiments have been continued and some new observations have 
been made in which dogs, rats, pigeons and monkeys have been used as experi- 
mental animals. The main object of the present paper is to describe the results 
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of nearly 2 years’ tests with monkeys. It is now shown that the monkey re- 
sembles the human being or the dog and differs from the rat in requiring the 
provision of concentrates or supplements carrying the P.-P. factor. For the 
sake of comparison a few interim observations on other species have also been 
included. 

For a more complete review of the literature the previous paper [Birch et al. 
1935] may be consulted. 

Elvehjem & Koehn [1935] found that lactoflavin was ineffective in preventing “chicken 
pellagra”’, a condition which they consider to be identical with human pellagra. Later, Koehn & 
Elvehjem [1936] independently reached one of the conclusions published by Birch et al. [1935], 
namely that lactoflavin had no curative action on canine blacktongue.! 

There is no need here to give any detailed account of more recent papers. The work of Dann 
[1936, 1, 2], Spies & Chinn [1935] and Fouts et al. [1936] is in agreement with the conclusion that the 
human antipellagra factor is different from lactoflavin and/or vitamin B,. Recently also Sebrell, 
Hunt & Onstott [1937] have confirmed that lactoflavin is without therapeutic value in acute black- 
tongue of dogs; an “antiblacktongue fraction” free from lactoflavin exerted a curative action 
[Sebrell, Onstott & Hunt, 1937]. (These authors suggest that deficiency of lactoflavin in dogs may 
be the cause of a condition described as ‘‘yellow liver”.) Finally, several workers [Lepkovsky 
et al. 1936; Elvehjem et al. 1936; Gorter, 1936; Richardson & Hogan, 1936; Macrae & Edgar, 
1937] have obtained evidence which suggests that for adequate growth rats may need some 
additional “vitamin B,” factor, in addition to lactoflavin and vitamin B,. 


EXPERIMENTAL 


The monkeys used were young Macacus rhesus, of both sexes. The basal 
diet was modified from the blacktongue diets of Goldberger et al. [1928] 
and Rhoads & Miller [1935], and consisted of: 


Maize meal 600 parts by weight 
Pea meal 75 aa 
Casein (“extracted casein E”’, Glaxo Laboratories) 90 
Cotton-seed oil 45 ‘i 
CaCO, 4-5 a 
NaCl 15 
The above mixture is made moist and “steamed” for 1 hr. in a dei pan 
Orange juice 12 ml. per monkey per day 
“*Radistoleum” (=vitamins A and D) 8 drops a 


This is virtually the same diet as that used for dogs in Part III, except that the 
allowance of CaCO, (which as pointed out by Dr Birch seemed to be excessive) 
has been reduced, and orange juice is provided as a source of vitamin C (which 
is needed by monkeys but not by dogs or rats). This basal diet is rich in vitamin 
B,. It contains only small amounts of lactoflavin. In some of the experiments 
the effect of addition of futher lactoflavin was investigated, either alone or in 
combination with the various other supplements tested, which included dried 
yeast, Eli Lilly “343” liver-extract powder, wheat and cooked herring muscle. 


RESULTS 


The effects of the diet and the various additions can be summarized as 
follows. 

Basal diet. On the basal diet alone the monkeys became noticeably ill and 
apathetic within the course of a few days to a few weeks (depending on their 
“reserves”’), appetite dropped markedly, there was profuse diarrhoea often 


1 In their most recent paper Koehn & Elvehjem [1937] have given the date of their 1936 paper 
s “1935”, which was the date of presentation. 
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accompanied by vomiting and, with progressive weakness and emaciation, a 
fatal termination rapidly followed unless a cure was brought about by the 
addition of the supplements to be described. The disease seemed to have its 
most marked effect on the alimentary canal, but there was also a denudation of 
the fur, and the skin appeared somewhat dry and rough, the backs of the hands 
and feet becoming “‘scaly”. A description of the pathology will, however, be 
deferred to a later paper. 

Dried yeast. “Positive controls” given the same diet with the addition of 
7% of dried yeast continued to thrive indefinitely, e.g. for 21 months in the 
monkey whose weight curve is shown in Fig. 1. 

“343” liver powder. Repeated tests were made with Eli Lilly “‘343” liver- 
extract powder,! which is one of the most potent agents known for the cure of 
human pellagra or blacktongue in dogs. The dose given was 1:3 g. per day 





Body wt. g. 


—LACTOFLAVIN—» rs 
Fig. 4 HERRING 





Days 


Figs. 1 to 4. Experiments with monkeys on “blacktongue’” diets. Fig. 1. Protection afforded 
by basal diet (which contains maize) after addition of yeast. Figs. 2, 3 and 4. Protection 
with addition of “343” liver powder (thick line), but not without it (broken line). Fig. 4. 
Protection with substitution of wheat for maize. (Lactoflavin, added for varying periods of 
time as shown by horizontal arrows in Figs. 2, 3 and 4, did not obviate the need for provision 


of the “‘P.-P.”” supplement.) 


(equivalent to 33 g. of fresh liver). In every instance a dramatic cure was 
brought about (e.g. two examples in Fig. 2, two in Fig. 3, and four in Fig. 4), 
and when the liver powder was withdrawn the animal quickly became ill again 
(10 examples are shown in Figs. 2-4). 


! The “powder” is to be distinguished from Eli Lilly “343” liquid liver extract, which is less 
potent as source of the antiblacktongue factor; and also from various other liver extracts. 
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Wheat. It was thought of interest to carry out tests with wheat, because of 
the well-known fact that pellagra is but rarely seen among wheat-eating as 
opposed to maize-eating populations (wheat is believed to contain significant 
amounts of the antiblacktongue factor). In these tests the maize meal of the 
basal diet was replaced by an equal amount of whole wheat meal. Recovery 
always took place on the wheat, and the monkey quickly declined once more 
whenever it was restored to the maize diet (see three examples in Fig. 4). 

Herring. In Part III [Birch et al. 1937] it was found that herring was an 
effective source of antiblacktongue factor for dogs, and a few attempts have been 
made in the course of the present work to cure “monkey pellagra”’ (as the 
deficiency disease under discussion may conveniently be called) by the same 
means. It was found difficult, however, to get the animal to eat the herring, 
and inconclusive results were obtained (e.g. two periods in Fig. 4). Herring 
may be considered a rather unnatural food for a monkey, however, and it was 
decided to discontinue the experiment. 

Lactoflavin. In various experiments additional lactoflavin was given (60y per 
monkey per day), for shorter or longer periods (see Figs. 2, 3 and 4). Alone such a 
supplement wasineffective in preventing symptoms of the deficiency ; while mater- 
ials containing lactoflavin, in larger or smaller amounts, were only effective when 
they were also known to be sources of the P.-P. factor (e.g. “343” liver powder, 
yeast, wheat). : 

Effect of irradiation. As the skin lesions in human pellagra are intensified by light, the influence 
of irradiation was tested. The monkeys were exposed three times a week, for from 10 to 45 min., 
to a carbon are at a distance of about 2-3 ft. The irradiation did not appear, however, to aggravate 
their condition. 

CONCLUSIONS 

It is clear from these observations that monkeys resemble dogs and human 
beings in being unable to survive on a diet known to be deficient in P.-P. factor. 
Like dogs and human beings also, they are cured or protected by materials rich 
in the P.-P. factor, “343” liver powder, or yeast, or by the substitution of wheat 
for maize. In this respect they stand in sharp contrast with rats, which can sub- 
sist for long periods on pellagra-producing (or blacktongue-producing) diets 
(Part IT [Birch et al. 1935]). Superficially at least the deficiency disease now 
described in monkeys resembles that of dogs and human beings in that a pro- 
minent feature is a disorder of the alimentary system, as evinced particularly 
by the diarrhoea. Further evidence as to its analogy with the human disease 
must await a detailed pathological study. But in the meantime there is no need 
to “multiply hypotheses unnecessarily”’ by postulating a new vitamin distinct 
from the already recognized P.-P. (antiblacktongue) factor. Final proof of 
identity must depend on eventual isolation and identification. 

It is obvious that the factor which cures the monkeys is not vitamin B,, for 
the basal diet already contains much vitamin B, while the active supplements 
add but little to the amount. Nor is it lactoflavin, since, as already pointed out, 
the disease still appears and the supplements continue to be effective whether 
lactoflavin is incorporated in the basal diet or not.? 

1 T am informed by Sir Charles Martin that in work still in progress { Birch et al. 1937] it has 
been found that pigs similarly develop symptoms of deficiency disease on a modified Goldberger 
blacktongue diet and are protected by the substitution of a mixture of wheat and barley for the 


maize. 

* It is doubtful whether it would be profitable to discuss, in connexion with the present paper, 
several attempts which have been made in the past to produce pellagra in monkeys by means other 
than vitamin deficiency. While it was still generally believed that pellagra was a disease of low 
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The present results do not enable a decision to be reached whether lactoflavin 
is needed by monkeys (see p. 1417): to settle this point it will be necessary to 
carry out further feeding tests using supplements containing the P.-P. factor 
free from lactoflavin. 


COMPARISON OF DIFFERENT SPECIES 


Further observations with rats. As pointed out in the previous paper in the 
series, the reason why rats do not develop any obvious symptoms of deficiency 
disease on a blacktongue-producing diet is still uncertain. The various possible 
alternative explanations are (1) that the needs of the rat are (relatively) ex- 
tremely small, or (2) that the rat normally possesses very large stores, or (3) that 
it is able to dispense with this vitamin, or (4), and most likely, that it makes the 
vitamin in its own body (cf. vitamin C)—either through symbiotic activity or 
otherwise. Further work is needed; but it may be mentioned here that later tests 
have confirmed the finding given in the previous paper [Birch et al. 1935] that 
rats kept for long periods on Goldberger blacktongue diet or on Elvehjem 
‘chicken pellagra”’ diet, although they show no signs of active disease have sub- 
maximum growth rates with a premature flattening of curves. It has been 
found since that the further addition of ‘‘343” liver powder, but not of egg 
white, produces a slight but appreciable improvement in the growth curve. 
Thus, rats have been kept on Goldberger diet, supplemented with vitamin B, 
(3 1.U. per day) plus lactoflavin (10y per day), for periods of many months 
without apparent illness; if then ‘‘343” liver powder were administered a 
stimulating action could still be detected (see Fig. 8). 

A full discussion of the implications of this finding seems outside the scope 
of the present paper; but it is thought worthy of mention since it may be of 
interest to other workers in the field as a further confirmation of the existence 
of an apparent “‘third’’ vitamin B, factor for rats (see p. 1415). 

Further experiments on dogs. The experiments previously described [Birch 
et al. 1935] have been continued during a further experimental period of 18 
months (Figs. 5-7), and the earlier results have been repeatedly confirmed. 
That is to say, on the synthetic basal diet, plus lactoflavin (30) per day per kg. 
body weight) and vitamin B, (10 1.U. per day per kg. body weight) it has been 
consistently found that recovery only takes place when two factors are present 
simultaneously, i.e. vitamin B, (as provided by maize) and the antiblacktongue 
factor (as provided by “343” liver powder). A new result is that boiled egg 
white (50-100 g. per dog per day) was found to be ineffective either as a sub- 
stitute for the maize or for the “343” liver powder (Figs. 6 and 7). 

The fact that egg white cannot replace maize fits in with the observation of 
Gyorgy [1935, 2] that it is deficient in vitamin B,. It serves also to confirm the 
view that the factor provided by the maize and needed as a dietary essential by 
dogs is in fact vitamin B, (or a substance with a somewhat parallel distribution). 


quality protein, “ probably a tryptophane deficiency”’, Chick & Hume [1920] obtained symptoms 
in monkeys, which were thought to resemble closely those of human beings. The “low-quality 
protein” diets used contained varying amounts of sugar, maize starch, salts and gluten, with 
vitamins A, B, C (and D) added. Administration of tryptophan to one of the monkeys staved off 
death for a long time, but lysine, arginine and histidine were without effect. 

More recently Stockman & Johnson [1933] stated that maize and all cereal grains examined 
were poisonous to monkeys, rabbits and guinea-pigs when they constituted the bulk of the diet, 
even when large amounts of vitamin carriers were consumed along with them. Acids isolated from 
the various grains produced similar symptoms, which were thought to bear a resemblance to 
human pellagra. 
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Figs. 5 to 7. Requirements of dogs for two separate “‘vitamin-B,”’ supplements. Fig. 5. Failure on 
basal diet (containing vitamin B, and lactoflavin); recovery with simultaneous addition of 
vitamin B, fraction (maize) plus antiblacktongue factor (*‘343” liver powder), but not on 
either alone. Fig. 6. Inability of egg white to replace maize (vitamin B,). Fig. 7. Inability 
of egg white to replace “343” liver powder (P.-P. or antiblacktongue factor). Similar 
results were obtained with two further dogs. 

tereee Basal diet. 

——= Source of antiblacktongue (P.-P.) factor added. 
==|== Source of vitamin B, (maize) added. 

ss-= Maize and “343” liver powder added simultaneously. 
00000 Egg white added. 
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Fig. 8. Protection of rats for prolonged periods on diet devoid of P.-P. factor (Goldberger black- 
tongue diet supplemented with vitamin B, plus lactoflavin): cf. with the behaviour of dogs, 
monkeys (figs. 1-4) and human beings. Evidence of a state of “partial deficiency” only 
(sub-optimum growth), which shows some response to administration of “343” liver powder. 

——— Basal diet alone. 
Basal diet supplemented with “343” liver powder. 
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The inability of egg white when given in moderate amounts to replace the 
liver powder indicates that it is relatively deficient in antiblacktongue factor 
and probably therefore it cannot be used, as an observation of Simpson [1935] 
once seemed to offer hope that it might, as a concentrated source of P.-P. free 
from vitamin B, [see Birch et al. 1935, p. 2836, footnote]. 

Tests on pigeons. Experiments have also been started with the object of 
determining whether the pigeon needs any of the newly recognized constituents 
of the vitamin B, complex. It was found that pigeons on a basal diet of white 
rice, vitamin B, and radiostoleum lost weight. The addition of lactoflavin alone 
(20 per day) had an insignificant effect in staying the loss in weight, the addition 
of “343” liver powder alone or in combination with lactoflavin was followed by 
growth at a subnormal rate, while the best growth response in these experiments 
was seen with the simultaneous administration of lactoflavin, “343” liver powder 
and 15% of maize meal (a source of vitamin B,). On the other hand in experi- 
ments with Goldberger blacktongue diet (supplemented with vitamin B,) the 
addition of ‘‘343” liver powder produced surprisingly little improvement in 
growth. It is evident that these results cannot be adequately interpreted without 
further studies—in which attention will have to be paid to such additional 
considerations as the intake of protein and other main constituents of the diet, 
the supplies of ‘‘vitamin B,” and “‘vitamin B,” and the use of a wider range of 
sources of the factors now under consideration. 

Results with mice. In further work [cf. Part IV, Birch et al. 1935] it has been found possible to 
maintain mice for long periods on Goldberger blacktongue diet supplemented with vitamin B, 
(1-5 tu. per day) and lactoflavin (5y per day). Growth was improved by the further addition of 
“343” liver powder (0-06 g.=1-5 g. fresh liver per day). 

Conclusions. The needs of different species for the known constituents of 
the vitamin B, complex may be summarized as in Table I. A plus sign indicates 
that the constituent is needed by the animal in question; a negative sign that it 
can be dispensed with, or seems to be needed in relatively small amounts only: 
and a question mark that the needs are doubtful or as yet unknown. 


Table I. Needs of different species for components of vitamin By complex 


Lactoflavin Vitamin B, P.-P. factor 
Rats a + = 
Dogs + - 
Human beings ? ? + 
Monkeys ? ? + 
Pigeons ? ? ? 
SUMMARY 


Monkeys resembled human beings or dogs, but differed from rats, in being 
unable to survive on a basal diet deficient in the human antipellagra, or canine 
antiblacktongue, factor (vitamins B, and B, and lactoflavin provided). They were 
protected by concentrates or supplements known to contain the P.-P. (or anti- 
blacktongue) factor, viz. Eli Lilly ““343” liver-extract powder, or yeast, or by the 
substitution of whole wheat for the maize of the basal diet. The more obvious 
symptoms of the deficiency disease in monkeys included marked loss of appetite, 
diarrhoea and vomiting, and there was a rapid fatal termination, the lesions of 
the skin not being prominent. 

It is concluded that the third portion of the vitamin B, complex, distinct 
from lactoflavin and vitamin B,, which is needed to prevent pellagra in human 
beings and blacktongue in dogs is likewise concerned in protection against the 
newly described disease of monkeys. 
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Further experiments confirm the conclusion that dogs need supplements both 
of vitamin B, (e.g. maize) and antiblacktongue factor (e.g. liver extract) to 
prevent nutritive failure on a synthetic diet containing vitamin B, and lacto- 
flavin. Egg white in moderate amounts was ineffective as a source of either 
vitamin B, or antiblacktongue factor for dogs. 

The comparative needs of rats, dogs, monkeys and pigeons for the several 
components of the vitamin B, complex are discussed. 


I am grateful tc Messrs Eli Lilly and Company for generous supplies of “343” 
liver powder and to Mr S. A. Cresswell for his care of the experimental monkeys. 


REFERENCES 


Birch, Chick & Martin (1937). Private communication. 
— Gyorgy & Harris (1935). Biochem. J. 29, 2830. 

Chick & Hume (1920). Biochem. J. 14, 135. 

—— Copping & Edgar (1935). Biochem. J. 29, 722. 

Dann (1936, 1). J. biol. Chem. 114; Proc. xxiv. 
(1936, 2). J. Nutrit. 11, 451. 

Elvehjem & Koehn (1935). J. biol. Chem. 108, 709. 

— —— & Oleson (1936). J. biol. Chem. 115, 707. 
Fouts, Lepkovsky, Helmer & Jukes (1936). Proc. Soc. exp. Biol., N.Y., 35, 245. 
Goldberger, Wheeler, Lillie & Rogers (1928). Publ. Hlth Rep., Wash., 43, 657. 
Gorter (1936). Arch. néerl. Physiol. 21, 538. 
Gyorgy (1934). Nature, Lond., 133, 498. 
(1935, 1). Biochem. J. 29, 741. 
—— (1935, 2). Biochem. J. 29, 760. 
— Kuhn & Wagner-Jauregg (1933). Klin. Wschr. 12, 1241. 

Harris (1935). Biochem. J. 29, 776. 

Koehn & Elvehjem (1936). J. Nutrit. 11, 67. 

—— —— (1937). J. biol. Chem. 118, 693. 

Lepkovsky, Jukes & Krause (1936). J. biol. Chem. 115, 557. 
Macrae & Edgar (1937). J. Soc. chem. Ind., Lond., 56, 445. 
Miller & Rhoads (1935). J. clin. Invest. 14, 153. 





_Rhoads & Miller (1935). J. exp. Med. 58, 585. 


Richardson & Hogan (1936). Res. Mo. agr. Exp. Sta. Bull. No. 341. 

Sebrell, Hunt & Onstott (1937). Publ. Hlth Rep., Wash., 52, 235. 

—— Onstott & Hunt (1937). Publ. Hlth Rep., Wash., 52, 427. 

Simpson (1935). Quart. J. Med. 4, 191. 

Spies & Chinn (1935). Quoted by Birch, Gyérgy & Harris (1935). Biochem. J. 29, 2830. 
Stockman & Johnson (1933). J. Hyg., Camb., 33, 204. 














CLXXVII. ON THE USE OF MERCURIC SALTS 

AND NITROUS ACID IN THE COLORIMETRIC 

DETERMINATION OF TYROSINE AND TRYPTO- 
PHAN PRESENT IN SOLUTION 


By JOSEPH WILLIAM HENRY LUGG 


From the Nutrition Laboratory of the Commonwealth Council for Scientific 
and Industrial Research, University of Adelaide, South Australia 


(Received 30 June 1937) 


THE work recorded in this article was initiated owing to unsuccessful attempts 
to estimate the tyrosine contents of some hydrolysates of plant-leaf proteins 
by the method of Folin & Ciocalteu [1927], which is based upon the Millon [1849] 
reaction. The unknown colour solutions were cloudy, and on centrifuging them 
to remove the suspensions it was noticed that the precipitates were deeply 
coloured and had presumably carried down some of the red colour complex. 

The appearance of ‘“‘cloud”’ was partly overcome by the adoption of von 
Dese6’s [1934] recommendation of diluting the colour solutions with dilute 
sulphuric acid instead of with water, and completely overcome by more radical 
changes in procedure. These embraced mercuration of the tyrosine and pre- 
cipitation of any tryptophan present in one step instead of two and dilution of 
the reaction mixture with a solution approximating closely to it in com- 
position. 

Later, the effects of extraneous substances in test solutions were investigated 
more generally with a view to their elimination, and a fairly thorough search 
was made for the most satisfactory means of applying the Millon and associated 
reactions to the estimation of tyrosine. It has long been known that tryptophan 
will interfere by contributing a spurious coloration. Folin & Ciocalteu [1927] 
made use of the Hopkins & Cole [1901] acid mercuric sulphate reagent to remove 
the tryptophan. In the course of the work here recorded, the colour reactions 
between nitrous acid and tryptophan and between nitrous acid and the trypto- 
phan mercurial, were investigated briefly. Under appropriate conditions the 
second reaction was found to provide a delicate test for tryptophan, and further 
work resulted in it being made the basis of a very simple colorimetric method 
for the estimation of this amino-acid. 


Reactions between tyrosine, mercuric salts and nitrous acid 


Millon’s reagent for phenols (a solution of mercury in nitric acid) was em- 
ployed by Hoffmann [1853] in testing for tyrosine. Despite Meyer’s [1864] 
demonstration that Hoffmann’s test depended upon the presence of a little 
nitrous acid, Nasse [1879] was of the opinion at first that nitration constituted 
an essential step in the reaction. Nickel [1890] expressed the view that nitroso- 
phenols were first formed and were transformed into red dyes, a view endorsed 
by Gibbs [1926; 1927] who has very ably reviewed the historical side. 

The experiments of Lintner [1900] suggest the proper sequence of steps in 
the Millon reaction, but their significance appears to have escaped him. Still 
more clearly is the sequence revealed in the work of Folin & Ciocalteu and their 
support of Gibbs’s view is not readily comprehended. 
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The following points have been elicited in the present work. 

Reaction (1) occurs with any of the ‘‘ionized” mercuric salts (sulphate, 
acetate, nitrate) and the particular phenol employed, a mercurial, substance I, 
being produced. It is reasonably stable. It is generally not very soluble in the 
acid solution, its solubility increasing with the acidity. 

Reaction (2) occurs when substance I is treated with nitrous acid, substance II 
being produced. In the case of the substituted phenol, tyrosine, one molecule 
of nitrous acid reacts with one of the phenol in the form of substance I. Sub- 
stance IT, which is responsible for the red Millon colour, is not very stable and 
is generally more soluble than substance I. It appears to depend for its existence 
upon the presence of at least a little ionized mercuric salt. 

Reaction (3). If to a solution of substance II is added some “unionized” 
mercuric salt (e.g. chloride or cyanide), the red coloration changes in tint, 
intensity and stability, substance III being produced. The reaction is very 
rapid with chloride but of measurable rate with cyanide. Substance III appears 
to exist in equilibrium with IT. 

Reaction (4). If excess of ionized chloride or cyanide (e.g. the sodium salt) 
is added to a solution of substance II or III, substance IV is produced, the red 
coloration being fairly sharply replaced by a yellow which is generally more 
stable. 

Reaction (5). When substance I, present in acid solution, is treated with 
excess of ionized chloride or cyanide, substance V is produced. It is quite stable 
and generally sparingly soluble. 

Reaction (6). Substance V forms substance IV when treated with nitrous acid. 

Reaction (7). When substance IV in solution, resulting from reaction (4) 
or (6), is treated with excess ionized mercuric salt, substance III is produced. 

The substance numerals refer to classes of substances, the precise com- 
position probably depending upon the particular acid radical of the mercuric 
salt. The substance I obtained from ordinary phenol and mercuric sulphate is 
an almost white powder, sparingly soluble in acid mercuric sulphate solutions 
and virtually insoluble in alcohol. It is slowly hydrolysed by water to a yellow 
substance. The substance V obtained from this substance I by the action of 
excess hydrogen chloride is white and is sparingly soluble in alcohol. Unlike 
substance I it contains only a trace of sulphur and appears to escape hydrolysis 
even at 100°. The red-yellow colour change, accompanying the conversion of 
the corresponding substance II, via III, into IV, is obtained when there is added 
the stoichiometric amount of HCl for the conversion of the HgSO, present into 
HgCl,. The substance V must be different from the mercurichlorophenols 
described by Lefeve & Desgretz [1935], which are yellow or orange in colour 
and mixtures of which fail to give the typical red coloration with nitrite in acid 
HgSO, solution. 

Vaubel [1900] states that di-ortho- and di-meta-substituted phenols do not 
give the Millon reaction. This must have a bearing on any detailed theory of the 
reactions listed above and no such theory can be presented yet. In general 
terms, however, it would seem that substance II is an o-quinone monoxime 
whose existence in acid solution depends upon a bonding with an attached 
ionized mercury atom, that in reaction (3) the polar nature of substance II is 
diminished to give III which is still an o-quinone monoxime, and that sub- 
stance IV is a nitrosophenol. Tyrosine and the other phenols form nitroso- 
derivatives in the absence of mercuric salts, but the subsequent addition of 
mercuric sulphate will not convert these yellow derivatives into red complexes, 
and they are therefore not of the substance IV class. 
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It is not known how many mercury atoms are associated with each original 
phenol molecule in the different classes of substances listed above, nor is it 
known whether the number is constant or variable with the class of substance 
and the particular phenol. Incomplete analysis of the substance V obtained 
from phenol, mercuric sulphate and hydrogen chloride, suggests that two H 
atoms have been replaced by two HgCl radicals. 


Reactions between tryptophan, mercuric salts and nitrous acid 


Hopkins & Cole [1901] found that tryptophan could be precipitated from 
mixed amino-acids in sulphuric acid solution by mercuric sulphate. In general 
I find that the solubility of the precipitate and the rate of destruction of the 
compound (which must depend materially upon the solubility) increase with 
increasing acidity and temperature, and that the rate of precipitation of the 
compound, and therefore probably its rate of formation, increase markedly with 
the temperature. 

The yellow precipitate is fairly soluble in solutions of the well ionized 
cyanides and chlorides, and in sulphuric acid at acidities greater than 10N. 
When the precipitate is treated with dilute hydrochloric acid it rapidly turns 
white and slowly dissolves, but Folin & Ciocalteu [1927] state that the mercury 
is completely removed from combination only on heating. When fairly concen- 
trated sulphuric acid is the solvent, however, the yellow precipitate dissolves 
without apparent change in composition to give a pale yellow solution. 

If nitrous acid is added to the sulphuric acid solution an intense reddish 
brown coloration rapidly develops. The substance responsible for it is unstable. 
The tint, intensity and stability of the coloration depend upon the acidity, the 
temperature, the concentration of mercuric sulphate and other factors, and 
generally, the coloration is more intense if the acidity and mercuric sulphate 
concentration are increased, whilst the stability decreases with increasing tem- 
perature and acidity. 

If excess hydrogen chloride is added to the colour solution the coloration 
fades at a greatly enhanced rate, whereas the addition of mercuric chloride 
slightly changes the tint and intensity and slightly diminishes the fading rate. 
The characteristic reddish brown coloration cannot be obtained by adding 
nitrous acid to a hydrochloric acid solution of the yellow precipitate (a pale 
orange coloration develops), nor can it be obtained by treating with mercuric 
sulphate the orange coloration that is developed when nitrous acid is added to 
a solution of tryptophan in fairly concentrated sulphuric acid, but it is obtained 
if the mercuric sulphate is added before the nitrous acid. Nitric acid cannot 
replace nitrous acid in the reaction, but it does not seriously interfere. If mercuric 
formate or acetate in a solution of the corresponding acid be used in place of 
the mercuric sulphate-sulphuric acid reagent, a very inferior reaction is obtained. 

Indole itself will give the reaction and it is presumed that other derivatives 
besides tryptophan will give it, though it may be that the «-hydrogen in the 
pyrrole ring must not be substituted. The reactions involved are even more 
obscure than are the phenol reactions already described, for whilst some of these 
can be recognized as conforming with known types of reactions very little work 
appears to have been done with the indole mercurials [see Goddard & Goddard, 
1928]. 
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EXPERIMENTAL 


Colour intensity comparisons were made with the aid of a tested ‘ Hellige”’ 
moving-cup colorimeter. In the case of the phenol reactions the particular 
phenol (usually tyrosine) was made up to 5 ml. with H,SO, at some definite 
acidity. To this were added 5 ml. of a reagent containing H,SO, and HgSO, and 
sometimes other salts as well. The mixture was maintained at a definite, some- 
what elevated, temperature for a time sufficient to bring about at least 99% 
of the necessary mercuration, cooled to about room temperature and diluted 
to 24-5 ml. with a solution made by mixing equal volumes of the reagent and of 
H,SO, of the same acidity as the first 5 ml. volume of liquid. 0-5 ml. of a nitrite 
solution was added, and at intervals after mixing the colour intensity was 
measured against a constant artificial standard. In the case of the indole 
reactions the particular indole (usually tryptophan), either dissolved in a very 
small quantity of dilute acid or alkali or in the form of the precipitated indole 
mercurial, was treated with 10 ml. of the reagent (fairly concentrated H,SO, 
containing HgSO, and sometimes HgCl, also). The mixture was maintained at a 
definite temperature to bring about mercuration or to dissolve the solid mer- 
curial, cooled to about room temperature and diluted to 24-5 ml. with more of 
the reagent. 0-5 ml. of a nitrite solution was added and colour comparisons 
against a constant artificial standard were made at intervals after mixing. 

In the various figures the intensities of coloration in arbitrary units (ordinates) 
have been plotted against time in minutes (abscissae). 

The compositions of the solutions are recorded by stating the approximate 
number of millimoles of the various substances present in the 25 ml. of solution. 
Reagents that contain less H,SO, than is sufficient stoichiometrically to convert 
all secondary metal sulphates present into primary salts very readily deposit 
basic mercuric sulphate. The solutions to be described were all more acid than 
this and the metal sulphates are recorded as acid salts, but the adjustment 
required by the addition of the metal nitrite is small and has been ignored. With 
the second ionization of the acid largely repressed and the first taken as complete, 
the hydrogen ion concentration may be roughly equated with the excess H,SO, 
molarity. 

Phenol reaction 


With all of the reagents employed tyrosine is mercurated to within 99% of 
completion by heating at 100° for 5 min. or 60° for 30 min., and prolonged 
heating at 100° (60 min.) causes negligible destruction. There is detectable 
decomposition with sulphonated tyrosine in 30 min. at 100°. With ordinary 
phenol and p-hydroxybenzoic acid the reactions are virtually complete in 
15 min. at 100°. 

Varying nitrous acid. Curves a1, a2 and a3 in Fig. 1 show the colorations 
developed by 4 mg. tyrosine, 3-5 millimol. Hg(HSO,)., 16-5 millimol. H,SO,, with 
0-0290, 0-0145.and 0-0072 millimol. NaNO, respectively, at 20°; curves a4, a5 
and a6 are for 2, 1 and 0-5 mg. tyrosine respectively, with 0-0290 millimol. 
NaNO, and the same reagent at the same temperature. These curves all have 
substantially the same development and fading rates in relation to their re- 
spective maxima. In the series al, a4, a5, a6, the coloration is closely pro- 
portional to the tyrosine at any selected time, al/a6 being 7-7 at the peaks 
instead of 8-0, and in the series a2, a3, the coloration is closely proportional to 
the nitrite (the tyrosine being in excess). It is therefore permissible to compare 
the two series and to establish the stoichiometry of the reaction with nitrous 
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acid, and it is found to within 2% that 1 mol. of nitrous acid reacts with one of 
tyrosine in the form of the mercurial. Curve a7 was obtained like a4 except 
that the tyrosine was first sulphonated. The coloration was more pink. 

Curve a3 is unaffected by 100 mg. glycine, and 50 mg. arginine reduce 
the maximum by only 2%, the amino-acids being first brought to pH 1 in 
H,SO, solution, but there is a large depression with urea, which becomes 
deaminated rapidly. 

Curves 61, 62 and 63 in Fig. 2 show the colorations developed with 1 mg. 
tyrosine, 2-5 millimol. HgCl,, 6-25 millimol. Hg(HSO,),, 12-5 millimol. NaHSO,, 
6-25 millimol. H,SO,, by 0-5, 0-125 and 0-031 millimol. NaNO, respectively, 
at 23°. 

Curves ¢1, c2, c3 and c4 show the colorations developed with 1 mg. tyrosine, 
2-5 millimol. HgCl,, 3-12 millimol. Hg(HSO,),, 12-5 millimol. NaHSO,, 12-5 
millimol. H,SO,, by 1, 0-5, 0-25 and 0-125 millimol. NaNO, respectively, at 23°. 
Curves c5 and c6 were obtained like c2 and c4 respectively except that the 
temperature was 17°, and c7 like c2 except that the temperature was 14°. 
Curve ¢8 shows the effect of 1 mg. cystine upon ¢2. Curve c9 was obtained like 
c2 but with 1 mg. p-hydroxybenzoic acid instead of 1 mg. tyrosine. It had not 
reached its peak in 45 min. and the coloration was more pink than that of ¢2. 
The curve obtained in the same way, but with 0-1 mg. ordinary phenol, is not 
shown. Its peak is reached in about 1 min. and the coloration, which is more 
orange than that of c2, fades at a lower rate. Curves c5, c6, c7, c8 and c9 are 
shown only in the inset, in relation to c2 and c4 reproduced there. 

It will be noticed that the maxima are reached more rapidly and are of 
greater value as the nitrite concentration is increased, a result due to the fact 
that the rate of development increases more rapidly than the rate of fading. 
Both rates are decreased by a fall in temperature. The proportionality between 
coloration and tyrosine in members of the 6 and c series of higher nitrite con- 
centration is phenomenally good, exceeding that of the a series. 

For comparison, curve a5 is shown transferred from Fig. 1 to the ordinates 
of Fig. 2. Whilst variation in nitrite concentration does not alter the tint, varia- 
tions in other variables do alter it, and it is therefore not possible to compare 
tyrosine members of the a, the 6 and the c series accurately. The same applies 
to a change from one phenol to another. Such comparisons, shown or implied 
in the different figures, may be accepted as “intensity matchings” to a normal 
eye when the colorimeter is illuminated with a “daylight” type of filament 
lamp. 

Effects of chloride, cyanide and cysteine. Curve a5, which is obtained with 
1 mg. tyrosine, 3-5 millimol. Hg(HSO,),., 16-5 millimol. H,SO,, 0-029 millimol. 
NaNO,, at 20°, is shown transferred from Fig. 1 to the ordinates of Fig. 3. 
Curves d1 and d2 are obtained when 1 and 2 millimol. NaCl respectively are 
added before the heating period. Curves d3 and d4 are obtained by adding 
0-85 and 1-7 millimol. HgCl, respectively, the addition being made before, after 
or half before and half after, the heating period. The colorations, particularly 
that of d2, are decidedly more pink than that of a5, and the peaks of d3 and d4, 
as well as may be judged for different tints, are higher by 11 and 15% re- 
spectively. Curves d5, d6 and d7 were obtained by adding 1 ml. of 0-5M 
Na,SO,, M KCl and M KCN respectively to 10 ml. of the solution responsible 
for curve a5, 13 min. after the addition of the nitrite. Curve d5 clearly simulates 
a5, the colour intensity being almost exactly 10/11 times that of a5. The KCl 
is seen to exert its effect almost instantly, whereas the KCN acts but slowly, the 
solution slowly becoming slightly more pink than that of a5 or d5. 
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Fig. 5. Indole reaction. Fig. 6. Indole reaction. 
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The effects of cysteine and cystine are entirely similar in that the coloration 
does not reach as great a maximum, slowly changes to a slightly browner tint 
and fades more rapidly. It is well known that cysteine, as the mercaptide, is a 
major dismutation product of cystine through the action of mercuric salts, and 
it was found that cysteic acid, another product, had no effect in small quantities. 
Many misdirected attempts to eliminate the effect were made before it was 
recognized as due to a type (3) reaction. Small quantities of cysteine or cystine 
give no precipitate but larger quantities do, particularly at low acidities and low 
room temperatures; and if there is sufficient to form a precipitate during the 
heating period the precipitate is likely to contain tyrosine mercurial if the 
temperature of heating has been high. Curve d8 was obtained by adding 2-5 mg. 
cystine, and curve d9 by adding 2-5 mg. cystine and 1-7 millimol. HgCl, to 
the curve a5 solution before the heating period. Comparing with curves a5 
and d4 it is found that the HgCl, only slightly reduces the depression of the 
maximum. 

Varying H2SO,, Hg(HSO,4)2 and NaHSO,. Curve a5 is shown in Fig. 4 for 
comparison as usual. The solutions responsible for all the other curves in Fig. 4 
have, as common constituents, 1 mg. tyrosine, 2-5 millimol. HgCl, and 0-5 milli- 
mol. NaNO,, and the temperature is 23°. Curves e1, e2 and e3 are obtained with 
5-0 millimol. Hg(HSO,), and with 6-25, 12-5 and 18-5 millimol. H,SO, re- 
spectively. Curves f1, f2 and f3 are obtained with 3-12 millimol. H,SO, and 
with 2-5, 3-75 and 6-25 millimol. Hg(HSO,), respectively. Curves g1, g2 and g3 
are obtained in the same way as corresponding members of the f series but with 
12-5 millimol. NaHSO, present in addition in each case, and curve g4 belongs 
to the g series containing 5-0 millimol. Hg(HSO,),. Curve h1 is obtained in 
the same way as f1 but with 25 millimol. NaHSO, present in addition. Crosses 
on f1, f2 and f3 indicate the incidence of “cloud”’. 


In general, increases in H,SO,, Hg(HSO,), and NaHS0O,, each and severally, 
make the coloration slightly browner or less pink, and as shown by curves in 
Fig. 2 as well as Fig. 4, the fading rate is increased, whilst the rate of develop- 
ment is increased with H,SO, and NaHSO, but not significantly with Hg(HSO,),. 
In passing it should be mentioned that with very large amounts of H,SO, 
(80 millimol. or more) the predominant tint changes from red to brown. 


Indole reaction 


It was found that the coloration developed by 1 mg. tryptophan, 150 milli- 
mol. H,SO,, 1 millimol. Hg(HSO,), and 0-025 millimol. NaNO, at 20° was the 
same whether the tryptophan were initially in the free state or in the form of the 
mercurial, provided that the solutions before the addition of the nitrite were 
allowed to stand for 20 min. at 20° or were heated at 50° for a few minutes and 
then cooled. It was also found that the tryptophan mercurial solution in 
absence of nitrite deteriorated by some 8 or 9 % in 20 hr. at 20°. As the coloration 
fades (curve 71 in Fig. 5) it becomes more yellow in tint, and the plotted variation 
of intensity with time is based upon “intensity matchings” to a normal eye 
under “‘daylight”’ filament illumination as described earlier. This applies to all 
the curves in Figs. 5 and 6 as well as to comparison of one curve with another of 
different characteristics. 

Varying nitrous acid. Curves i1, i2 and 73 in Fig. 5 are obtained with 1, 0-5 
and 0-2 mg. tryptophan as such respectively, in the presence of 150 millimol. 
H,SO,, 1 millimol. Hg(HSO,), and 0-025 millimol. NaNO, at 20°. The pro- 
portionality between coloration and tryptophan (the peaks are reached within 
1 min. and 71/73 is 4-5 instead of 5-0) becomes poorer with fading. Curves j1, 
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j2, j3, 74 and j5 are for 0-5 mg. tryptophan as such, 150 millimol. H,SO,, 
1 millimol. Hg(HSO,), and 0-8 millimol. HgCl, with 2, 1, 0-5, 0-125 and 0-031 
millimol. NaNO, respectively, at 20°. Curves j6 and j7 are obtained in the 
same way as 73 but with 1 and 0-2 mg. tryptophan respectively. The develop- 
ment and fading rates and the maxima are all increased with increase in nitrite, 
and there is increasing tendency to formation of small gas bubbles. The coloration 
becomes slightly more grey. The peaks of 73, 76 and j7 are reached within about 
10 sec. and the proportionality is good (after 1 or 2min. 76/77 is 4-8 instead of 5-0). 

Effects of chloride, cyanide and cysteine. Curve k1 in Fig. 6 is for 0-5 mg. 
tryptophan, 150 millimol. H,SO,, 1 millimol. Hg(HSO,), and 0-125 millimol. 
NaNO, at 20°. Curve /2 is obtained in the same way as /1 but with 1-2 millimol. 
HgCl, in addition, and curve 74 (0-8 millimol. HgCl,) is shown transferred to 
these ordinates from Fig. 5. The HgCl, makes the coloration slightly more grey, 
and as well as may be judged the intensities of 74 and £2 are 12 and 15% 
respectively less than that of k1 after 0-5 min. and 5 and 7 % respectively after 
10 min. The effect of 1-2 millimol. Hg(CN), is disastrous, the coloration being 
replaced by a pale greenish brown. 

Curves k3, k4 and k5 show the effects of 3 mg. cystine upon k1, 74 and k2 
respectively. In all cases the cystine makes the coloration rather more grey, 
slightly increases the fading rate and reduces the intensity, as well as may be 
judged after 1 or 2 min., by some 10%. 

Varying H.SO, and Hg(HSO,)2. When H,SO, and Hg(HSO,), concentrations 
are both relatively low, the coloration is rather pale. Increase in H,SO, alone 
increases the intensity of coloration, makes it more grey, and increases the 
fading rate. Under favourable circumstances Hg(HSQO,), can be increased in 
strongly acid solutions beyond the point of saturation with respect to HgSO,, 
and more intense colorations can be obtained with these unstable reagents of 
high acidity. Thus the colorations developed at 20° by 0-3 mg. tryptophan, 
160 millimol. H,SO,, 0-025 millimol. NaNO, and 0-5, 1, 1-25 and 2 millimol. 
Hg(HSO,), respectively (the last three being supersaturated) are progressively 
less grey, and as well as may be judged their intensities after 1 or 2 min. are in 
the ratios 70: 87 : 90: 100. With reagents of increasing acidity (4-8. M H,SO,) 
and saturated with respect to HgSO,, there is a progressive increase in the 
development and fading rates and the colorations are more grey but are of much 
the same intensity after 10 min. when 0-5 millimol. NaNO, is used. Incidentally, 
indole itself gives colorations much more stable than those of tryptophan. 


Solubility of HgSO, in H2SO, solutions 
The solubility was measured by saturating the H,SO, solutions with known 
amounts of HgSO, in about 100% excess, dissolving the residues in N H,SO, 
and titrating with standard HCl solution using the phenol mercurial in presence 
of a little HNO, as indicator. At 20° the solubility of HgSO, in g. per |. of acid 
was found to be 105, 39, 13, 5-5 and 2-2 in 4, 5, 6, 7and 8M H,SO, respectively; 
at 15° the solubility in 6M H,SO, was found to be 12-5 g. per 1. 


Solubility of the mercurials in various reagents 


Generally, the higher the temperature and the more acid the solution, the 
more soluble are the mercurials in it. 4 mg. tyrosine, mercurated by heating 
with reagent at 60° for 30 min., remain in solution in 10 ml. of the diluted reagent 
responsible for the ¢ series of curves for more than 1 hr. at 25°, whereas only 
about 2-5 mg. remain in solution after 1 hr. at 15°. If the diluted reagent 
responsible for the 6 series of curves is employed instead, the mercurial begins 
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to separate before the temperature has fallen to 25°. With ordinary phenol the 
solubilities are very small. 

Mercuration of tryptophan by all the diluted reagents mentioned under 
‘Phenol reaction” appears to be complete within a few hours at 20° or 10 min. 
at 60°. Provided that its solubility is exceeded the mercurial first appears as a 
yellow cloud that will flocculate most readily if there is much of it and if the 
temperature is high. With very little tryptophan there may be a faint cloud 
only on cooling or no precipitate at all. In solutions each containing in 10 ml. 
2 millimol. Hg(HSO,),, 1 millimol. HgCl, and 2-5, 5, 7-5 and 12-5 millimol. 
H,SO, respectively 0-01 mg. tryptophan gave clouds in the first three at 50° 
after 10, 15 and 20 min. respectively. After 30 min. at 50° and 3 hr. at 20°, 
nephelometric estimation showed that precipitation in the first two was virtually 
complete and that 0-002 mg. tryptophan remained in solution in the third. 
There was no precipitate in the fourth. With 10 ml. of the diluted reagent 
responsible for the a series of curves 0-01 mg. tryptophan gave nocloud in 30 min. 
at 60°, and after cooling for 2 hr. at 20° some 0-006 mg. remained in solution. 
1 millimol. HgCl, and 50 mg. glycine were each without effect. With the diluted 
reagent responsible for the c series of curves there was a faint cloud in 30 min. 
at 60°, and after cooling for 1 hr. at 20° some 0-003 mg. remained in solution. 
Under the same conditions the diluted reagent responsible for the 6 series of 
curves gave virtually complete precipitation. 10 ml. of solution containing 
1-5 millimol. Hg(HSO,), and 50 millimol. H,SO, will hold about 0-9 mg. trypto- 
phan as the mercurial in solution at 50°, and 10 ml. of the reagents responsible 
for the 7 and 7 series of curves will hold more than 1 mg. in solution at 20°. 

With 10 ml. of the diluted reagent responsible for the c series of curves 
1-5 mg. cystine just fails to give a precipitate after heating at 60° for 30 min. 
and cooling at 20° for 2 hr., and the limiting amount of cystine when the diluted 
reagent responsible for the a series of curves is used instead is about 2-5 mg. 


Methods 


Reagents and conditions that are best suited for the estimation of tyrosine 
or tryptophan in a given solution can be selected from the experimental section. 
Those described below are generally satisfactory for the estimation of both 
amino-acids in the same aliquot of test solution at room temperatures of 
15-25°. The aliquot must contain not more than 2 mg. tyrosine and | mg. 
tryptophan and preferably not less than 0-5 mg. tyrosine and 0-25 mg. trypto- 
phan. It may contain several millimol. NaHSO, and 0-25 milliequiv. of chloride 
without seriously affecting the colorimetry, but it must be free from nitrates 
and nitrites and from other halides, phenols and indoles. At pH 1-0, extraction 
with 2 vol. of ether will remove 95% of any p-hydroxybenzoic acid and 98% 
of any ordinary phenol that may be present in a test solution without affecting 
the tyrosine or tryptophan.! Extraction with toluene at pH 6-7 will not affect 
the tyrosine or tryptophan, and Kraus [1925] has shown that indole and skatole 
are removed by toluene. 

Reagents 

Solution A. 5N H,SO, solution (25 g. of 98% H,SO, per 100 ml.). 

Solution B. 75g. HgSO,, 55g. HgCl,, and 70g. Na,SO, are dissolved in 
850 ml. water plus 125 g. 98% H,SO, and diluted to 1 1. 

1 It seems superfluous to add that an extracting solvent is removed and the solution adjusted 
to a new volume, but see Shinohara [1935]. Differential extraction of phenols containing amino- 
but no carboxyl groups might be effected at pH 8. 
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Solution C. This is made by diluting a volume (600 ml. for convenience) of 
solution B with an equal volume of NV H,SO, solution. 

Solution D. 12 g. HgSO, and 9 g. HgCl, are dissolved in 600 ml. water plus 
100 g. 98% H,SO,. A further 500g. H,SO, are added with cooling, and the 
mixture is diluted to 1 1. 

Solution E. M NaNO, solution (6-9 g. NaNO, per 100 ml.). 

Standard tyrosine and tryptophan solutions. These contain 0-25-1 mg. of 
tyrosine or tryptophan per ml., with 0-1 VN H,SO, or 0-05 NaOH as solvent for 
tyrosine, and water for tryptophan. The tryptophan solution deteriorates by 
1% in a week at 20°, but the tyrosine not appreciably in several months. 


Procedure 


Liquids are separated from suspended solids by centrifuging, 10 min. in a 
field of 1500 times gravity being generally sufficient. A glass rod of 2 mm. 
diameter and slightly bent at the end is used to stir solutions and to suspend 
precipitates in them. Barely moistened with octyl alcohol it serves as a whisk 
to force solids at the air-liquid interface beneath the surface before centrifuging. 
It is rinsed down with a few drops of the appropriate solution. 

In a 15 ml. centrifuge tube (conical bottom type), the aliquot of up to about 
3 ml. of test solution together with sufficient of A to bring it to pH 0-3 (from 
titration of a separate aliquot, using an indicator such as brilliant cresyl blue), 
is diluted to 5 ml. with N H,SO, or with the appropriate volumes of A and of 
water. 5 ml. of B are added and the tube is maintained at 60—65° in a water- 
bath for 30 min. It is then cooled in a water-bath for 1 hr. at 1 or 2° below room 
temperature, and after centrifuging, the clear liquid is drained into a 25 ml. 
graduated cylinder. 10 ml. of C are run into the centrifuge tube, any precipitate 
is well stirred up for a minute or so, and the contents are again centrifuged. The 
liquid is drained into the cylinder and the contents are diluted with C to 24-5 ml. 
in readiness for the tyrosine estimation. The standard is prepared simultaneously 
with the unknown and in an entirely analogous manner. The precipitate re- 
maining in the centrifuge tube is used in the tryptophan estimation. 

For the estimation of the tyrosine the contents of the graduated cylinders 
should be employed within an hour, as cloudiness may develop on long standing. 
0-5 ml. of E is run slowly into each cylinder so as to float on top, and as soon as 
possible thereafter the cylinders are shaken simultaneously. Colorimetric com- 
parison of the unknown with the standard should be made 3 min. after the 
mixing. 

For the estimation of the tryptophan the solid mercurial, which may be 
left moist in the tube for a day without detectable destruction, is well rubbed up 
with 10 ml. of D, and the tube is maintained at 40—-45° in a water-bath for 15 min. 
with occasional rubbing of any solid that settles out. It is then cooled in a 
water-bath for 30 min. at 1 or 2° below room temperature, and after centrifuging, 
the clear liquid is drained into a 25 ml. graduated cylinder. A further 10 ml. of 
D are run into the tube, the contents are stirred and any solid is well rubbed for 
a few minutes, and after centrifuging, the liquid is drained into the cylinder 
and the volume made up to 24-5 ml. with D. The standard is prepared simul- 
taneously and in precisely the same way. Within an hour or so 0-5 ml. of E is 
run into each cylinder so as to float on top, and as soon as possible thereafter 
the cylinders are shaken simultaneously and colorimetric comparison is made 
with the least delay. The coloration peaks are reached within some 10 sec. but 
it is seldom possible to compare within 1 min. 
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Each ml. of the standard tyrosine and tryptophan solutions requires about 
0-25 ml. of A to bring it to pH 0-3. The colour standards are conveniently pre- 
pared from suitable amounts of them mixed together. They should preferably 
be within 70 and 150% of the intensities of the unknowns. If their necks are 
not so narrow as to hinder mixing, 25 ml. standard flasks can be used in place of 
the cylinders, and the final volume of colour solution may be 25-5 ml. throughout 
instead of 25 ml. without appreciably altering the development and fading 
rates. 

Substances in the test solutions may contribute adventitious coloration to 
the tyrosine and tryptophan unknowns before the addition of the nitrite. 
Correction can be made by employing appropriate blanks (substituting water 
for nitrite) with standards and unknowns in a compensating colorimeter. If, 
apart from adventitious coloration or the effects of large quantities of cystine, 
standards and unknowns differ in tint or are found to develop and/or fade 
at different rates, the presence of other phenols or indoles may be inferred. 
Incidentally, differences in rates can sometimes be enhanced by using another 
reagent, such as that responsible for the b series of curves for the tyrosine 
estimation. 


Results of tests 


Curves c2 and j3 respectively are representative of these tyrosine and 
tryptophan colour solutions. Generally, substances that might otherwise 
influence the tryptophan colour reaction are washed away into the tyrosine 
solution. The effect of 1 mg. cystine upon the estimation of 1 mg. tyrosine is 
shown by curve c8 (1% low after 3 min.). With up to some 2-5 mg. cystine the 
error remains with the tyrosine estimation and is roughly in proportion; larger 
amounts begin to cause error in the tryptophan estimation. One object of the 
inclusion of HgCl, in reagent B (and consequently C) is to increase its scope, and 
it is needed in D because variable amounts of C may be left with the precipitated 
tryptophan mercurial. There is no appreciable error in the estimation of tyrosine 
or tryptophan in a test solution aliquot that contains 0-25 milliequiv. of chloride, 
3 millimol. NaOH (which is of course converted into NaHSO,), 1 millimol. 
ZnSO,, 100mg. glycine, 30mg. glycine plus 10mg. phenylalanine, 1 mg. 
histidine or 5 mg. methionine. 

Analysis of an alkaline hydrolysate of gelatin indicated 0-02 % tyrosine and 
0-01 % tryptophan calculated on original protein. Analytical recoveries of 1 mg. 
tyrosine and 0-5 mg. tryptophan, added to an amount of hydrolysate repre- 
senting 0-1 g. of original protein, were perfect to within the errors of com- 
parison (<1% for tyrosine, <2 % for tryptophan). 

Analytical recoveries of 1 mg. tyrosine and 0-5 mg. tryptophan, added to the 
soluble products of acid and alkaline hydrolysis of 40 mg. of several carbo- 
hydrates, were likewise perfect to within the errors of comparison. The slight 
adventitious colorations required correction. 


SUMMARY 


The Folin and Ciocalteu method (based on the Millon reaction) for estimat- 
ing tyrosine was found to be unsatisfactory when applied to the hydrolysates of 
plant-leaf proteins, as the unknown colour solutions were cloudy. The diffi- 
culty has been overcome by radical changes of procedure, embracing mercura- 
tion of the tyrosine and precipitation of any tryptophan present in one step 
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instead of two, and dilution of the reacting mixture with a solution approximat- 
ing closely to it in composition. Data are provided concerning the Millon and 
associated colour reactions of tyrosine, including the effect of extraneous sub- 
stances in test solutions. 

During the course of the work the colour reactions between nitrous acid 
and tryptophan and between nitrous acid and the tryptophan mercurial were 
investigated. Under appropriate conditions the second reaction was found to 
provide a delicate test for tryptophan, which has been made the basis of a 
very simple colorimetric method for the estimation of this amino-acid. 

Methods of estimating tyrosine and tryptophan in solution are described, 
and the errors discussed. 
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CLXXVIII. THE EFFECTS OF TESTOSTERONE 

AND TESTOSTERONE PROPIONATE ON ADULT 

MALE RATS (COMPARED WITH THOSE ON 
FEMALE RATS) 


By VLADIMIR KORENCHEVSKY, MARJORIE DENNISON 
AND KATHLEEN HALL 


From the Lister Institute, London 
(Received 1 July 1937) 


THE effects on castrated rats of injections of testosterone and of testosterone 
propionate have been studied in our previous papers [Korenchevsky & Dennison, 
1936; 1937; Korenchevsky et al. 1936; 1937]. In the present paper we have 
studied the effects of both these hormones on normal male rats and of testo- 
sterone on normal female rats. 

The effect of testosterone on the body weight, the weight of the testes, 
seminal vesicles with prostate, epididymis, adrenals and pituitary and the 
development of the mammary glands has also been investigated in young 
male rats by Selye et al. [1937] and by McEuen et al. [1936; 1937]. In their last ex- 
periment [1937] a daily dose of 2 mg. was injected for 22 days. The authors found 
that there was no inhibition of the somatic growth or change in weight of the 
adrenals and pituitary, but that the weight of the testes decreased considerably, 
while the weight of the seminal vesicles and prostate increased. The mammary 
gland developed slightly. 

In the present experiments we used large daily doses of the hormones 
(500-1500 y) in order to overcome any possible antagonistic influence of another 
hormone or other hormones, which might be present in the organism. 


Technique 


The experiments were performed on 24 adult male and 5 female rats belonging 
to 7 litters which were on the average 102 (males) and 84 (females) days.old 
when killed. Injections were made for 21 days twice a day, half the daily dose 
being used for each injection. The artificial hormones were kindly supplied by 
Messrs Ciba, Ltd., and were dissolved in sesame oil. 

The general technique was the same as that used in our previous experi- 
ments. 

The effect on males of testosterone propionate compared with 
that of testosterone 


The results obtained are summarized in Table I. Organs in which no change 
in weight was observed are omitted from the table. 

Sexual organs. As can be seen from Table I the development of the testes 
was slightly depressed by both hormones to approximately the same degree. 

The effect on the secondary sexual organs, however, while considerable with 
testosterone propionate was very slight or absent with testosterone. 
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Table I. The effect on normal male rats of testosterone and testo- 
sterone propionate 


I II Il IV V 
Rats injected daily with 


Testosterone propionate Testosterone 

Control ———— atte Mics cisaes 

Organ rats 500 y 1500 y 500 y 1500 y 

Testes (g.) 2-89 2-46 2-59 2-38 2-63 

Seminal vesicles (g.) 1-10 2-05 2-56 0-96 1-23 

Prostate (g.) 1-24 1-87 1-96 1-17 1-42 
Penis (mg.) 325 383 406 323 334 
Preputial glands (mg.) 145 218 258 169 193 
Thymus (mg.) 303 158 92 335 435 

Retroperitoneal fat (g.) 13-4 9-7 11-4 12-6 12-8 

Final body weight (g.) 360 324 356 333 365 
Gain in body weight (g.) +44 +31 +28 +49 +61 
No. of rats in group 7 5 7 3 2 


Although the larger dose (1500) was three times the smaller (500), the 
difference in the degrees of hypertrophy obtained in the seminal vesicles, pre- 
putial glands and more particularly in the prostate and penis with the two doses 
of testosterone propionate was small. 

Thymus. The same difference in the activities of these two hormones was 
seen in the effect on the thymus, the involution of which was much hastened by 
testosterone propionate but unaffected by testosterone, the weight of the thymus 
being even greater in the ‘‘testosterone” rats than in the control rats. 

Other organs. Neither of these hormones had any definite effect on the 
weight of the adrenals, thyroids, hypophysis, liver, kidneys, spleen or heart, 
the weights of which therefore are not included in the table. 

Retroperitoneal fat and body weight. As can be seen in Table I, there was a 
slight decrease in the amount of fat and in the gain in body weight only after 
testosterone propionate injections. In agreement with the Canadian workers no 
effect on the somatic growth, as judged by the body weight, was seen after the 
injection of testosterone. 


Note on the histological changes of the male sexual organs 


In spite of the changes in the weight of the sexual organs histological investigation did not 
show any definite abnormalities in the testes, seminal vesicles and coagulating glands. Spermato- 
genesis was normal. Exceptionally, swelling and twisting of the heads of the spermatozoa 
(initial stage of degeneration) occurred in both the injected and uninjected rats. 

The columnar epithelium of the ventral lobe of the prostate was often slightly higher in the 
rats injected with testosterone propionate than in the controls. Haematoxylinophil zones were 
generally definitely demarcated. The dropsical vacuolation of the epithelium of the ventral lobe 
was the only pathological feature seen and among 17 rats injected with both hormones only 
occurred in 3 rats which had been injected with testosterone propionate, in which rats it was of 
slight, or, in one rat, moderate development. 

Taking into consideration that for a rat the doses used were exceedingly large, this slight 
abnormality does not contradict the general conclusion that testosterone and testosterone pro- 
pionate even in such doses do not produce harmful effects on the sexual organs of normal male 
rats. 


A comparison of the effects of the hormones on male and female rats 


In the previous paper [Korenchevsky, Dennison & Hall, 1937] it was shown 
that the large dose of testosterone propionate (1500) produced in female rats a 
“gigantic” uterus and vagina. In order to compare this effect with that of 
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Table II. The effect on normal female rats of testosterone compared 
with that of testosterone propionate 
1 2 3 
Rats injected daily with 1500 y of 


— 


Control Testosterone 
Organ rats Testosterone propionate 

Uterus (horn + cervix) (mg.) 376 426 955 
Cervix (mg.) 112 159 359 
Vagina (mg.) 226 339 550 
Female preputial glands (mg.) 104 202 256 
Thymus (mg.) 397 288 62 

222 206 227 


Body weight (g.) 222 


testosterone, 5 normal female rats were used for the experiment: 2 were left as 
controls and 3 were injected with a daily dose of 1500+ of testosterone for 20 days. 
These results are given in cols. 1 and 2 of Table II, only definite and constant data 
being included. Col. 3 gives the relative data from Table I of our previous paper 
[Korenchevsky, Dennison & Hall, 1937] with asimilar dose of testosterone propion- 
ate. Since these rats were 98 days old, their proper controls are to be found in 
Table I of this previous paper. The data in Table II show that, although the 
effects of testosterone were much less than those of testosterone propionate, 
they are comparatively greater on the organs of female rats than on those of 
male rats. A definite hypertrophy of the secondary sexual organs and an increase 
in the rate of involution of the thymus were obtained in female rats after testo- 
sterone injections. Histologically, however, medium progestational changes 
were found only in the vagina (mucification of the epithelium). In 2 rats the 
uterus was similar to the usual dioestrous type, while in one rat a slight folding 
of the mucosa was pfesent. The striking hypertrophy of the cells of the mucosa 
and myometrium seen in the “testosterone propionate’ uterus was absent from 
the “‘testosterone”’ uterus. The injection of testosterone into female rats brought 
about no changes in the other organs examined, in the deposition of fat or in the 
gain in body weight. 
SUMMARY 

1. Experiments were performed on 24 normal male rats and 5 normal 
female rats and the results compared with those previously obtained. 

2. In male rats, testosterone propionate brought about considerable hyper- 
trophy of the secondary sexual organs and hastened the involution of the thymus, 
while testosterone had little or no effect on these organs. Both hormones slightly 
depressed the development of the testes to about the same degree. 

3. Histologically the hormones, even in the extremely large doses used, 
showed no harmful effects on the sexual organs. 

4. With testosterone propionate the deposition of fat and the body weight 
were slightly decreased. 

5. In female rats the effects of testosterone on the development of secondary 
sexual organs and on the thymus were definite, but much less than those of 
testosterone propionate. 

6. Histologically, after the injection of testosterone, progestational changes 
were found in the vagina but not in the uterus. 

7. In normal rats both hormones caused a greater degree of hypertrophy of 
the female sexual organs than of the male sexual organs. 

8. This fact particularly clearly demonstrates in normal rats the bisexual 
property of these hormones, which we had previously shown on gonadectomized 
animals. 
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OBITUARY NOTICE 


ARTHUR ROBERT LING 
(1861-1937) 


ARTHUR RoBert Line was born at Esher in Surrey in 1861, and became a 
student at the Finsbury Technical College in 1883 under the late Prof. H. E. 
Armstrong. Until this time he had seemed destined to follow his father as a 
pharmaceutical chemist, but the strong personality of Armstrong with his 
remarkable powers of inspiring his students were factors which intervened, and 
Ling’s career was set on a different course. He was encouraged to work on 
halogen derivatives of the nitrophenols and quinones. Armstrong has described 
Ling as being probably the first evening class research student. The results of 
the work of these early years appeared in a number of papers published in the 
Journal of the Chemical Society. It was during this time that he commenced his 
long association with Julian Baker. This was continued when, as chemists to the 
London Beetroot Sugar Association, 1891-98, these workers commenced their 
extensive investigations into the constitution of starch. These were strenuous 
years, the routine work of the sugar analysis occupying the daytime, and the 
whole of the research on starch being performed in the evenings and at week ends. 

Ling was best known for his work on starch, sugars and brewing. On leaving 
the Beetroot Sugar Association, he practised as a consulting chemist (1898-1920) 
during which time he produced many original papers, and rewrote Sykes’s 
Handbook of Brewing. He was Editor of the Journal of the Institute of Brewing 
from 1895, the time of its commencement, until 1920. 

In the latter year he was appointed to the Adrian Brown Chair of Brewing 
at the University of Birmingham where he brought about the institution of an 
Honours Degree in Biochemistry of Fermentation. 

He was now able to attack afresh the problem of starch with better facilities 
than had been available to him before. His great hope of bringing this problem 
to solution, or at least of seeing it effected during his lifetime, was not realized. 
This was a great grief to him in his declining years. More than four thousand 
papers have been written on the subject over a period of one hundred years and 
although our knowledge has advanced considerably during the period the result 
is inadequate, a fact which the late Prof. H. E. Armstrong described as ‘‘the 
tragedy of starch’’. The reason for this is inherent in the nature of starch itself. 
A substance of colloidal character, and not occurring as a pure substance, afforded 
unsatisfactory material for the organic chemist, and biochemical methods alone 
will never effect a solution. The difficulty of separating such mixtures as maltose 
and dextrins, the variable impurities and minor constituents of natural starch, 
the composite nature of the enzymes used, all of these factors have contributed 
to the conflicting results and conclusions which have been advanced from time 
to time by various investigators. In 1895 Ling and Baker concluded that Lintner’s 
isomaltose was not a pure compound but a mixture of maltose and a simple 
dextrin. Afterwards Ling and Nanji concluded from experiments with prepara- 
tions of yeast maltase and of emulsin that isomaltose was an individual 
compound, a glucose -glucoside. The freedom from amylase of the enzyme 
preparations used is open to question, and later, Ling could not obtain repro- 
ducible results with fresh materials. In consequence he withdrew his statement 
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regarding isomaltose in a contribution to Chemistry and Industry in 1937. How- 
ever, Ling contributed many observations now well established to the problem. 
His isolation with Baker of certain maltodextrins (1897), his observations with 
Davis (1902) that malt diastase will carry starch hydrolysis almost to completion 
and far beyond the accepted 80% limit, his development with Nanji of the 
composite nature of starch, at least in the physical sense, to which too little 
attention had been paid, were all of the greatest value. 


Ling was an original member of the Biochemical Society and published a 
number of papers in the Journal (1921-24) including work on the estimation of 
pentosans and on the presence of maltase in barley. 

As a teacher, he was inspiring, full of enthusiasm for research, and very kind 
and encouraging to those who responded. His long editorial experience and 
wide interests had given him an amazing knowledge of the literature. He served 
Chemistry to the best of his ability and maintained a keen interest and even 
active participation in it right up to the end. He died of heart failure, brought on 
by neglected asthma, on 14 May 1937. 

R. H. H. 
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CLXXIX. THE ESTIMATION OF VITAMIN B, 
IN BLOOD BY A MODIFICATION 
OF SCHOPFER’S TEST 


By ARNOLD PETER MEIKLEJOHN! 
From the Department of Biochemistry, Oxford 


(Received 31 March 1937) 


ScHopFER [1935, 1] has described a method for estimating small amounts of 
vitamin B, by means of its growth-promoting activity on a mould, Phycomyces 
Blakesleeanus. 

It has been found that this method, with some modifications, can be used 
as a comparatively simple test for vitamin B, in small samples of blood. 

The method as modified for this purpose is here described. In the discussion 
that follows the quantitative validity of this test is considered. 


METHOD 


The medium. A series of 50 ml. conical flasks is prepared. Into each are 
measured 6 ml. of a medium composed of an aqueous solution of dextrose, 
asparagine and salt mixture, of such strength that when the final volume of 
medium is made up to 10 ml. the concentrations of reagents will be 


Cone. 
Dextrose 10% (A.R.) 0-556 M 
Asparagine 2 : 1000 0-015 M 
MgSO, 0-5 : 1000 0-002 M 
KH,PO, 1-5 : 1000 0-011 M 


Preparation of the blood. Blood is collected in the presence of potassium 
oxalate (3 mg. of oxalate for each ml. of blood taken). Samples of blood are then 
carefully measured out with a pipette, and each is added to a conical flask 
prepared as above and containing 6 ml. of medium. At least two samples of 
2 ml. each, and preferably also one of 1 ml. and one of 3 ml. should be taken 
from each specimen of blood to be tested. (The 1 and 3 ml. samples act as a 
convenient check on the results given by the 2 ml. samples.) As an additional 
safeguard it is advisable to prepare also two flasks containing 2 ml. of blood to 
which 0-ly of vitamin B, is added. This is necessary if it is desired to exclude 
possible errors due to the presence in the blood of substances modifying the 
action of the vitamin. (This point is considered in the Discussion, where it is 
shown that no such substances usually occur.) The test can thus be performed 
conveniently on 15 ml. of blood. 

The flasks are placed in cold store (— 2°) for 12 hr. or more, until a convenient 
time arises for the completion of the test. The corpuscles separate out in the 
presence of the strong dextrose, and settle in a layer at the bottom of the 
flasks. The pH of the surface layer is adjusted to 6-5-6-7 by the addition of 
0-1-0-2 ml. V/10 NaOH. Water is added to bring the final volume of fluid in the 
flasks to 10 ml. 

1 Robinson Senior Student, Oriel College. 
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Preparation of the standard. In each experiment a standard range is set up, 
against which the growth obtained with the blood can be compared. A very 
dilute aqueous solution of pure crystalline vitamin B, containing ly per ml. is 
freshly prepared before each experiment from a standard concentrated alcoholic 
solution preserved at pH 4-5 in a refrigerator. (Traces of alcohol in the aqueous 
solution do not affect the subsequent growth of Phycomyces.) Carefully measured 
volumes of the dilute vitamin solution are made up in a series of 50 ml. flasks 
containing 10 ml. of medium. The medium contains the same concentrations of 
dextrose and salts as used in the flasks containing blood, asparagine in a con- 
centration of 4: 1000, and 0-3 ml. V/10 NaOH per 10 ml. to bring the pH to 6-7. 
The usual amounts of vitamin selected for the standard range are 0, 0-05, 0-10*, 
0-15, 0-20*, 0-25 and 0-30y*. (Those concentrations marked with a star are set 
up in duplicate.) 

Sterilization. Both sets of flasks, those containing the blood and the standard 
range containing known amounts of vitamin, are placed together in an auto- 
clave. The temperature is raised to 107° and maintained at that point for 
10 min. 

Inoculation. A stock culture of P. Blakesleeanus (Sex) is required. This 
should be prepared about a fortnight previously, according to the following 
procedure. A medium is prepared consisting of 


Malt extract (B.P.) “ae eas 25 ml. 
Agar es eae ae ae 4g. 
Distilled water to ay .-- 200ml. 


About 70 ml. of this medium are placed in a 200 ml. conical flask and sterilized 
by heating in an autoclave for 15 min. at 110°. The flask is then inoculated with 
about 0-5 ml. of a suspension of Phycomyces spores. A good growth should be 
obtained in about 2 weeks. Several g. of spore-bearing mycelium are removed 
with sterile forceps and thoroughly washed in 10-20 ml. of sterile distilled water 
contained in a small beaker which is covered with a watch glass. The mycelium 
is then removed, leaving a suspension of spores in sterile water, which should 
contain at least 1,000,000 spores per ml. This can be checked, if necessary, with 
a blood-counting chamber. Each flask is then inoculated with 0-2 ml. of the 
spore suspension by means of a sterile pipette. The suspension should be 
frequently stirred during the inoculations, to ensure that the spores do not 
sediment. 

Culture. The inoculated flasks are left for 10 days in the dark at room tem- 
perature. At the end of this time all growth has ceased. The mycelium in each 
flask is removed and carefully washed free from adherent medium under a 
running tap. This operation is facilitated by the fact that the mycelium forms a 
single adherent mat in the course of its growth, and small fragments of growth 
cannot be detached except with difficulty. The mycelium is placed on a watch- 
glass and dried to constant weight in an air oven at 110°. It is then weighed and 
the weight recorded correct to the nearest 0-5 mg. 

Reading. The weights of mycelium obtained from the standard range are 
plotted on a graph; dry weight of mycelium obtained against amount of crystal- 
line vitamin B, added. A smooth curve is drawn through the points on the graph 
(Fig. 1).1 From this curve the amounts of vitamin corresponding to the weights 


1 The small growth (10 mg. or less) obtained in the absence of added vitamin is probably 
due to traces of vitamin in the constituents of the medium (probably the dextrose). This does not 
affect the validity of the test as the same amount of medium is present in all flasks. 
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of mycelium obtained from the blood samples are recorded. These figures are 
taken as representing the vitamin B, content of the blood. 


S 


Dry weight of Phycomyces mycelium (in mg.) 


0 0-1 0-2 0-3* 0-4 
Vitamin B, added to culture medium (in y) 


Fig. 1. Curve showing weight of Phycomyces obtained 
with known amounts of vitamin B,. 


Discussion of method 


Volume of medium. Schopfer sets up his tests in 25 ml. of medium, contained 
in 100 ml. flasks. It was felt that when the vitamin preparation to be tested can 
only be obtained in limited amounts, as in the case of blood samples from living 
animals, it would be more satisfactory to reduce the total bulk of medium, so 
that a smaller absolute amount of the preparation would be necessary to 
achieve the same concentration of vitamin in the medium. In this research the 
tests have therefore been made up in 10 ml. medium contained in 50 ml. conical 
flasks. This has the additional advantage of being economical in reagents, and 
the smaller flasks are more easy to handle in large numbers. 

Composition of medium. In all experiments salt mixture and dextrose have 
been added in the same concentrations as used by Schopfer. 

Asparagine. Schopfer [1935, 2] has shown that when Phycomyces is grown 
on a synthetic medium with asparagine as a source of nitrogen, the growth 
obtained with a given amount of vitamin B, is dependent on the concentration 
of asparagine present. The growth increases as the concentration of asparagine 
is increased up to an optimum concentration of 4: 1000. (At concentrations 
higher than this he has found some evidence that the growth obtained is reduced 
in amount.) These results have been fully confirmed in these experiments. 
Fig. 2 shows the results of a typical experiment in which concentrations of 


asparagine between 1 and 6: 1000 have been tested. 


When the amount of vitamin present is sufficient, or more than sufficient, to produce maximum 
growth, it has been found that inconsistent results have been obtained with higher concentrations 
of asparagine; from a number of experiments it has not been possible to say whether an increase 
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from 4 to 6: 1000 in the concentration of asparagine reduces or increases the growth obtained in 
the presence of excess of vitamin. 

A similar and greater inconsistency has been found in the presence of blood to which sufficient 
vitamin has been added to produce a growth approaching the maximum (v. infra). 
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0-2 0-4 0-6 0°8 
Vitamin B, added to culture medium (in y) 


Fig. 2. Effect of varying concentrations of asparagine on growth of Phycomyces. 


This observation is probably to be explained as follows. In the presence of excess of vitamin, 
the growth of the mycelium ultimately ceases as a result of a number of factors, of which the 
size of the vessel, and the accumulation of waste products of metabolism are probably the most 
important. The influence of these factors may be considerably affected by very slight changes 
in the conditions of the experiment. 

This has no bearing on the main issue of this paper, since the volumes of blood chosen for test 
have given a growth of mycelium within the limits of the steep part of the growth/vitamin curve, 
where the limit to growth is determined solely by the amount of vitamin present. Over this part 
of the curve the results obtained have been always entirely consistent. 


In setting up the standard range, with known amounts of crystalline vitamin, 
a concentration of 4: 1000 of asparagine in the medium has therefore been used 
throughout. 

In the presence of blood, however, there may be some reduction of growth if 
the concentration of asparagine is increased above 2: 1000. This effect is not 
shown when the volume of blood is 1 ml. or less, but becomes apparent when 2 or 
3 ml. samples of blood are taken. At the same time in the presence of 2 or 3 ml. 
blood a fall has been observed in the weight of mycelium produced if the amount 
of added asparagine is reduced to 1 : 1000 or less. This is shown in the following 
experimental results. Samples of sheep’s blood were tested with different con- 
centrations of asparagine. The dry weights of mycelium (in mg.) obtained are 
recorded in Table I. 

The concentration of asparagine in the medium has therefore been reduced 
to 2: 1000 when samples of blood are to be added. 
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Table I 
Volume of Concentration of enparagine 
sheep’s blood 
ml. 0 1: 1000 : 1000 4: 1000 6: 1000 
1 -— 30 29-5 29 oo 
2 - 44 51 — _= 
2 — 60 78 — — 
2 43-5 — 50-0 45-5 _ 
2 -- -- 51-5 42-5 39-0 
3 — 71 78 — 
3 _ 77 90 79° _ 
3 _— — 73-5 60-5 61-0 


Collecting the blood. It is most convenient to collect the blood in the presence 
of an anticoagulant, and afterwards to measure out samples accurately with a 
pipette. For this purpose potassium oxalate is used; 3 mg. for each ml. of blood. 
Potassium oxalate even in greater concentrations than this was found to be 
without effect on the growth of Phycomyces. 


Dry weight of mycelium (mg.) 





Without oxalate With 30 mg. potassium oxalate 
With 0-4 crystalline vitamin B, 89 86 
With 12 mg. potassium oxalate 
With 2 ml. sheep’s blood 40 39-5 


Most suitable volume of blood. It has been found that 1-3 ml. is a convenient 
volume for human, sheep’s and pigeon’s blood. A growth of mycelium is obtained 
which can be correctly weighed to within 1%, and is yet considerably less than 
the maximum growth that can be obtained under these experimental conditions. 

Preparation of the blood. From the point of view of technical convenience it 
is most satisfactory if the test can be performed directly on whole blood, with a 
minimum of preliminary manipulations. This, however, has the following dis- 
advantages. 

Several ml. of whole blood, made up in Schopfer’s medium, coagulate when 
the medium is sterilized by heat, and when the mycelium of Phycomyces is 
subsequently removed for weighing, it is found impossible completely to 
separate it from the coagulum. 

It is necessary to ensure that the total vitamin content of both plasma and 
corpuscles is available for the growth of Phycomyces. 

Tests on whole blood are not valid unless it can be shown that no inter- 
fering substances are present. This last difficulty is discussed later in the paper. 

I. Separation of mycelium. It has been found that the difficulty of separating 
the mycelium from the coagulated protein can be overcome by allowing the 
cor puscles to separate out and then adjusting the pH of the supernatant fluid 
layer to 6-5-6-7. At this pH, treatment in the autoclave at 107° while effectively 
sterilizing the medium, produces only a partial coagulation of the plasma 
proteins, from which the mycelium is easily separated. 

Attempts at extracting the vitamin from blood by means of alcohol, and removing the inter- 
fering protein by heating in acid solution, have both been found to result in a considerable loss 


of growth-promoting activity. 


Il. Availability of vitamin in plasma and corpuscles. This requires further 


discussion. 
It has been found that whole blood has a greater growth-promoting activity 
for Phycomyces than has separated plasma. 
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In a number of cases the vitamin B, contents of whole blood and of plasma 
obtained from the same source have been determined separately (v. Table I). 


Table II. Apparent vitamin B, contents of samples (in y) 


Approximate 
% of 
/O 
total blood 
Vitamin Vitamin vitamin B, 
2 ml. 1 ml. per ml. 2 ml. Iml.  per0-5ml. carried in 
blood blood of blood plasma plasma plasma plasma* 
Human 0-25 - 0-125 0-094 — 0-023 19 
Human 0-185 — 0-092 _— 0-03 0-015 16 
Human 0-14 — 0-070 — 0-025 0-012 17 
Sheep 0-115 — 0-058 0-075 -- 0-019 33 
Pigeon — 0-40 0-40 0-44 — 0-11 27 
Pigeon _— 0-21 0-21 _— 0-13 0-07 33 


* Assuming that plasma accounts for approximately 50% of the total blood volume. 


It will be seen that less than 20% of the total vitamin B, content of human 
blood is present in the plasma. The remainder must either be contained in the 
corpuscles or adsorbed on their surfaces. 

In estimating the vitamin B, content of whole blood it is essential to ensure 
that vitamin contained in the corpuscles is available for the growth of the 
Phycomyces. 

In the method here described the corpuscles have been allowed to separate 
out slowly in the presence of 6 ml. of medium containing 17% dextrose. (In this 
way, as previously explained, the difficulty of separating the mycelium from 
the coagulated corpuscles is avoided.) It is believed that this procedure results 
in an adequate extraction of the vitamin from the corpuscles, so that in practice 
all the vitamin in the blood is available for the growth of the Phycomyces. The 
evidence for this is as follows. 

I. If any significant quantity of vitamin were retained in the corpuscles it 
would be expected that this retention would be most marked when the number 
of corpuscles present is large, and the efficiency of extraction therefore reduced. 
In fact, however, it has been found that approximately the same result is obtained 
for the vitamin content per ml. of blood, whether the estimation is performed on 
1 or 3 ml. of blood. (For results v. infra.) Under the conditions employed, 
therefore, the vitamin in the corpuscles must be freely available whether 3 or 
1 ml. of blood are employed. 

II. In one experiment a culture flask containing 2 ml. of sheep’s blood was 
prepared for inoculation. The fluid surface layer was then separated from the 
coagulated corpuscles, and the growth-promoting activity of each was tested 
separately. The corpuscular layer was thoroughly ground up in the usual volume 
of fresh medium before inoculation: 


Growth given by surface layer eae Bea ... 27-5 mg. of mycelium. 
Growth given by corpuscles ; 5-0 mg. a 
Growth given by a separate sample of 2 2 ml. ‘of whole 

blood prepared without additional manipulations 33-0 mg. i 


This demonstrates that the corpuscular layer retains little of the vitamin, 
and the little it does retain evidently diffuses out into the upper fluid layer 
during the course of the experiment and becomes available for the growth of the 
Phycomyces. 
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III. The corpuscular layer, at the end of an experiment, was found to 
possess no growth-promoting activity, when ground up in fresh medium and 
re-inoculated. 

It is concluded, therefore, that by this method the total vitamin B, content 
of both plasma and corpuscles is measured, without any significant loss of the 
vitamin contained in the corpuscles. 

Storage. Oxalated blood will keep for some hours at room temperature 
without loss of vitamin content. 1-3 ml. measured out into 6 ml. synthetic 
medium in conical flasks will keep in cold store (—2°) for days without signi- 


ficant loss of vitamin. 
Time kept in 


cold store Dry wt. of mycelium 
days mg. 
1 ml. sheep’s blood 5 30 
15 29 
3 ml. sheep’s blood 5 78 
15 75 


pH. The growth of Phycomyces is slightly influenced by the initial pH of the 
medium, as shown by the following results: 


Table III 


Initial pH of medium Wt. of mycelium in mg. 
(a) With 0-2y vitamin: 


5-0 72 
6-0 74:5 
6-5 79 
7-0 79-5 
7-5 79 
8-0 80 
(6) With 1 ml. pigeon’s blood: 
6-5 81 
6-8 86-5 
7-0 82-5 


In this series of experiments the initial pH of the culture flasks has been 
adjusted in all cases to 6-5-6-7. A pH in this region has been found to be most 
satisfactory for the following reasons: 

(a) It is sufficiently close to the optimum to give a growth that will not 
differ appreciably from the maximum. 

(6) It is not sufficiently alkaline to give rise to a risk of any destruction of 
vitamin in the autoclave. 

(c) It corresponds to the most acid reaction at which, when blood is present, 
a sufficiently fluid medium is obtained to ensure that the mycelium can be freely 
separated from the medium (see above). 

Phycomyces produces acids in the course of its growth. In the presence of 
0-2y of pure vitamin, the final pH of the medium is about 3-5. When blood is 
present the final pH is 4-5. 

Sterilization. Some loss of growth-promoting activity has been found if the 
temperature has been raised above 110° or the time, at 107°, increased to more 
than 15 min. 

Number of spores. In all cases not less than 200,000 spores have been added 
to each flask in the inoculum. On several occasions the sufficiency of the 
inoculum has been tested by inoculating some flasks with half the usual amount. 
This did not result in any diminution in the amount of mycelium obtained. 
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Conditions of growth. As Schopfer [1935, 2] has shown, the growth in the 
presence of very small amounts of vitamin ceases in a few days, but when the 
amount of vitamin present is sufficient to produce maximum growth, the growth 
continues for about 10 days. 

In this series of experiments 10 days have been allowed for the growth of 
the organism, to ensure that in all cases the mycelium is not weighed until all 
growth has ceased. It is thought probable that this time may be unnecessarily 
long. The growth on 2 ml. of blood is very slow in the last 3 days, and it is 
probable that a sufficiently accurate estimation might be obtained by stopping 
the experiment in 7 days or less. In this way a more speedy result might be 
obtained, which would be an advantage in clinical cases. This point still requires 
investigation. 

Accuracy. In preparing the standard range with known amounts of vitamin, 
the use of ten flasks in each experiment makes it possible to draw a curve 
relating weight of mycelium to vitamin present with considerable accuracy. 
The differences between duplicate figures for the growth obtained with a given 
dose of vitamin have in most cases been less than 3%. The error in reading off the 
“vitamin equivalent” of a given weight of mycelium from these experimental 
curves is not greater than +0-005y (between the limits of 0 and 0-3y) in the 
majority of cases. 

The difference between duplicate estimations of the weight of mycelium 
produced by a given sample of blood is in most cases less than 5%, and the 
average may therefore be taken as being correct to within +3°, which in the 
case of 2 ml. samples of blood, is equivalent to a maximum error of +0-Oly in 
terms of “vitamin equivalent”. In a typical experiment the maximum possible 
error in reading the vitamin content of a 2 ml. sample of blood is therefore 
+0-015y, or less than +10%. In many experiments the maximum possible 
error, as judged by the difference between duplicate estimations with standard 
and blood samples, has been considerably less, and it might be still further 
reduced if all estimations were performed in triplicate. 

With one assumption, therefore, that is that the growth of mycelium obtained 
with a given sample of blood represents the true maximum growth that the 
vitamin present in the blood can give, it is possible to state that the vitamin B, 
content of a given 15 ml. sample of blood can be correctly estimated to within 
10% or less by this method. The justification for provisionally accepting this 
assumption is given in the final section of this paper. 

Specificity of the test. It is believed that the growth-promoting activity for 
Phycomyces possessed by blood is due to its vitamin B, content. The evidence 
for this is as follows: 

I. The growth-promoting activity is reduced in the blood of pigeons fed on a 
vitamin B,-deficient diet. This has been shown in a series of experiments, in 


Table IV. Apparent vitamin B, per ml. blood (in y) 








Normal birds Vitamin-deficient birds 
0-27 0-055 
0-21 0-065 
0-375 0-055 
0-225 0-065 
0-28 0-055 
0-39 0-050 
0-31 0-065 

0-040 
— 0-050 
Averages 0-295 0-055 
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which the full technique described above has been used to compare the 
apparent vitamin B, contents of blood from normal pigeons and from 
pigeons suffering from opisthotonus—resulting from a dietary deficiency of 
vitamin B,. 

It will be seen that in pigeons suffering from a dietary deficiency of vitamin B,, 
the growth-promoting activity of the blood is reduced to 20% of the normal 
value. 

II. It has been found that the growth-promoting factor of blood is com- 
pletely destroyed by heat at pH 9. 

2 ml. blood in 6 ml. medium were brought to pH 9 with N NaOH and autoclaved for 1 h. 
at 125°. The pH fell to 5 in the process. The sample was then set up for culture in the usual 
manner. No growth of Phycomyces was obtained. 


The growth-promoting factor therefore resembles the vitamin in being 
thermolabile in alkaline solution. 

III. Substances with growth-promoting activity for other organisms have 
been tested during the course of this research, and found to be without influence 
on Phycomyces. 

(a2) A specimen of bios possessing powerful growth-promoting activity for 
yeast was kindly supplied by Mr J. R. O’Brien. 100y of this preparation had 
no effect, either by itself or on the growth obtained with a small dose of 
vitamin B,. 

(6) 5% mannitol, which acts as an adjuvant to the activity of vitamin B, 
on Streptothriz [Reader, 1929], has no action on Phycomyces, either by itself or 
in the presence of crystalline vitamin B,. 

(c) A preparation kindly supplied by Dr B. C. J. G. Knight with growth- 
promoting properties for staphylococci, had only negligible activity for Phy- 
comyces. 100y gave a growth corresponding to 0-16y vitamin B,. 

(d). Two specimens of thiochrome gave no growth in doses of 0-2y. 

Possible modification of the activity of the vitamin by other substances present 
in blood. It is thought that no such modification usually occurs. The evidence for 
this view is as follows. 

I. The addition of known amounts of the vitamin to blood which has been 
freed of vitamin by heating at pH 9, gives a growth/vitamin curve which follows 
closely the curve obtained in the absence of added blood. This is illustrated by 
the following experimental results: 


Weight of mycelium produced in mg. 





With 2 ml. 


Vitamin B, Without other autoclaved 
added in y additions sheep’s blood 
0-1 42 At 
0-2 65 69 
0-3 80 87 
0-4 _— 93 
0-5 111 112 


It is concluded that if any substance exists in blood which can modify the 
action of the vitamin, it is also destroyed by autoclaving at pH 9 (125°). 

II. The addition of a small amount of vitamin B, usually increases the 
growth of mycelium to the same extent in the presence of added blood as in its 
absence. 
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2 ml. samples of blood have been tested, with and without the addition of 
0-ly of vitamin: 
Vitamin content of 2 ml. of 


Vitamin content of 2 ml. sheep’s blood with 0-ly 
of sheep’s blood as vitamin B, added, 
Sample estimated as estimated 
I 0-185 0-280 
II 0-187 0-277 
Ill 0-130 0-230 


When large amounts (e.g. 0-4y) of vitamin have been added the effect has 
been less satisfactory. As previously noted, however, anomalous results are 


frequently obtained when the amount of vitamin present is sufficient to produce , 


nearly maximum growth. 

In one group of cases the effect of added vitamin has produced a greater 
growth than the same quantity of vitamin in the absence of blood. This has 
occurred when 0-ly of vitamin has been added to 1 ml. of blood from pigeons 
fed on a vitamin B,-deficient diet. The vitamin equivalent of the growth of 
mycelium obtained is increased by the addition of 0-ly from 0-05 to 0-25y. The 
blood from avitaminous pigeons has therefore an adjuvant action on added 
vitamin. The significance of this is not yet clear. It shows at least that the 
reduction of growth on vitamin B,-deficient blood is not due to any inhibitory 
substance in the blood. 

III. With separate samples of 1, 2 and 3 ml. of blood, the growths of 
Phycomyces obtained correspond with the growth given by xy, 2xy and 3xy of 
vitamin. This is shown in the following results: 


Vitamin B, content as calculated per ml. blood 


Volume of 


human 
blood Case 
tested —_—_—_—————_ShYX—— 
ml. A B Cc D E F 
1 0-085 0-065 0-105 — 0-088 —_ 
2 0-082 0-070 0-107 0-128 0-085 0-098 
3 0-088 0-073 0-103 0-140 — 0-105 


(When this result has not been obtained, in the course of routine tests, the 
figures obtained have been discarded.) 

If any factor were present in blood which possessed any adjuvant or 
depressant action on the vitamin, it would be unlikely that it would cause the 
same percentage increase or decrease at three different concentrations of blood. 
It is concluded that the presence of blood does not usually alter the activity 
of the vitamin. But since it has been found to do so in the case of blood from 
vitamin B,-deficient pigeons, it is important to be aware of this possibility, and 
if necessary to control it by including in the test a sample of blood to which 
a small amount of the vitamin has been added. 

It is concluded from the evidence presented that the apparent vitamin B, 
content of blood samples as estimated by this method is satisfactory for com- 
parative purposes and that the method also provides a quantitative estimate 
of the true vitamin B, content of the blood. 


~—_  - 
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SUMMARY 


1. A method is described for the estimation of vitamin B, in small samples 
of blood. 

2. The technique, and the quantitative validity of the method are 
discussed. 


My grateful thanks are due to Prof. R. A. Peters for his constant encourage- 
ment and advice and to Prof. Schopfer, who kindly supplied me with the 
original culture of Phycomyces. 
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SunLicHT has a specific and very interesting action on milk. Viale [1925], 
investigating the Schardinger reaction, observed that milk decolorizes methylene 
blue even without the addition of aldehyde if exposed to sunlight. Furthermore 
boiled milk retains this property although the aldehyde hydrogenase is destroyed, 
enzymic action being thus excluded. 

Whitehead [1930] also studied this phenomenon and attributed it to an 
oxido-reduction in which the unsaturated fat acts as oxygen acceptor. This 
interesting hypothesis was not supported by further investigations. From 
Whitehead’s experiments this explanation appears very probable. In fact, if 
the fat is removed, the milk no longer decolorizes methylene blue when exposed 
to sunlight. If a salt of an unsaturated fatty acid (e.g. sodium oleate) is now 
added, the phenomenon reappears. When the methylene blue is reduced, the 
milk acquires an unpleasant characteristic fishy odour. In 1928 Frazier also 
observed this phenomenon and attributed the unpleasant odour and flavour of 
the milk to the oxidation of the fat. 

Whitehead attributed the changes undergone by the milk in his experiments 
to the action of ultraviolet radiations, being led to this suggestion by the fact 
that it has long been known that ultraviolet radiations catalyse the oxidation of 
unsaturated fats. 

I have made a series of experiments to test this hypothesis. Samples of milk 
to which methylene blue had been added were exposed to ultraviolet radiation, 
either in open vessels, or, to avoid the oxidizing action of the ozone which is 
always formed, in closed vessels. No reduction of the methylene blue was ever 
observed, although the oxidation of unsaturated fats under the influence of 
ultraviolet radiation is known to occur. The reduction of the methylene blue 
must be due to the action of some other part of the solar spectrum. 

Further investigations have proved that milk fat (or butter) is readily 
oxidized when exposed to solar radiation. The fat separated by centrifuging 
gives an intense Kreis reaction with phloroglucinol after a short exposure to 
sunlight. This oxidation occurs without the addition of methylene blue. 

The oxidation of the fat, however, is not the only reaction which occurs on 
exposure of milk to sunlight and the reduction of methylene blue involves 
~ another mechanism. It is not excluded that correlation exists between the two 
phenomena, oxidation of fat and reduction of methylene blue, without one of 
them being actually conditioned by the other. 

The following experiments were made to test Whitehead’s theory: 

Exp. 1. The fat from 50 ml. fresh milk, which strongly reduced methylene 
blue in sunlight, was separated by centrifuging, well washed with distilled water 
and dispersed in a phosphate buffer solution (pH 6-8). Methylene blue was 
added and the whole exposed to sunlight. The dye was not reduced even after a 
long exposure, whilst a strong fishy odour developed. 

( 1452 ) 
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Exp. 2. The milk from which the fat had been separated no longer reduced 
methylene blue on simple exposure to sunlight, but when the exposure was 
made in an evacuated Thunberg tube, the methylene blue was completely 
reduced and the colour did not return even after a long exposure. When air 
was introduced into such an exposed tube, even in small amount, the solution 
immediately turned blue. 

The following conclusions were drawn: 

(1) The fat does not take a direct part in the reduction of methylene blue. 

(2) Another hydrogen donator is present which reduces the methylene blue. 

(3) The unsaturated fat has a very important effect in fixing the dissolved 
oxygen of the milk. This fixation is favoured by the highly dispersed condition 
of the milk fat and is catalysed by sunlight. An anaerobic medium is thus 
produced in which the reduction of methylene blue can occur. 

There are thus two phenomena concerned: 

(a) the oxidation of unsaturated fat under the influence of the sunlight, 
which is the cause of the fishy odour; 

(6) the transference of the hydrogen of a donator which produces the re- 
duction of the methylene blue. 

These two phenomena have not been distinguished by any of the workers 
who have hitherto studied the reduction of methylene blue by milk in sunlight. 
This is the reason why many of the hypotheses suggested are contradictory. 
Thus E. Martini [1933] studied the phenomenon electrometrically and con- 
cluded that the amino-acids of the milk played the chief part. He rejected the 
hypothesis of V. Martini [1931] who ascribed the reduction of methylene blue in 
sunlight to the action of reduced glutathione. Ravenna [1934] attributed the 
phenomenon to the fermentative action of bacteria stimulated by the solar 
radiation. Aikins & Fay [1932] maintain that the light lowers the oxido- 
reduction potential and that this promotes the reduction. 

I have made the following experiments on this subject, endeavouring in the 
first place to clear up the part played by glutathione, since this compound is of 
great importance in many biochemical oxido-reductions. 

The Gabbe method of estimation was used. 5 ml. of milk are deproteinized 
with 5 ml. 25 % trichloroacetic acid, and to 5 ml. of the filtrate are added 1 ml. 
of a freshly prepared 25% solution of KI and 1 ml. of 0-01N iodine. After 
exactly 5 min. 2 drops of starch solution are added and the excess of iodine 
titrated with 0-004.N Na,S,O,. A blank test is made with 5 ml. of 10% trichloro- 
acetic acid solution. 1 ml. of 0-004N Na,S,O, corresponds with 1-228 mg. re- 
duced glutathione. The “‘glutathione”’ content of the milk of various mammals 
has been determined by this method (Table I), which, however, really deter- 
mines ‘“‘substances oxidizable by iodine”’ since it is not specific for glutathione. 

Qualitative tests with sodium nitroprusside, even when the reaction was 
sensitized by the addition of ammonium sulphate or mineral salts, gave negative 
results for glutathione in all the milks examined except mare’s milk. Attempts 
were also made to determine the glutathione by the specific method of Binet & 
Weller [1934; 1936], but no reduced glutathione was found. The results obtained 
by the iodine method are, however, for convenience, expressed in terms of 
“reduced glutathione” 

The fat from a quantity of milk was separated by centrifuging and after 
being thoroughly washed was dispersed in a phosphate buffer solution, pH 6-8. 
Such a dispersion does not reduce methylene blue on exposure to sunlight. If 
reduced glutathione is added the mixture then reduces methylene blue on 
exposure. 
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Milk 
Woman (primipara) 


” 


” 


” 


Woman (secundipara) 
9 
9 


Woman (tertiipara) 


* The determination of total glutathione was made by the method of Gabbe with potassium 
ferrocyanide [Rona, 1929]. 


Fat from 
milk of 
Cow 


9 


Buffalo 
Sheep 
Mare 


” 





L. BURUIANA 


Table I 


“Glutathione 
reduced” 
mg./100 ml. 


0 
36 
0 
36 
35 
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150 
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165 
140 
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Table IT 


Glutathione 
added 
mg. 


25 
50 
100 
100 
25 
50 
100 
25 
50 
100 


‘Glutathione* 
total” 
mg./100 ml. 

195 
180 
122 
163 
184 
158 
48-7 
69-7 
52 
74:6 
67-3 
214-0 
69-7 
83-5 
63-5 
73-6 
52-0 
50 
76 
102 
111-0 
109-8 
110 
123 
127 
97-6 
111 
122 
109 
110 
130 
163 
135 
395 
427 
360 
372 
361 
404 
380 
366 


Time of 
decoloration 
sec. 


1 


mb em woh PRO 


Immediately 
12 


7 
3 
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The influence of various quantities on the rate of decoloration is to be seen in 
Table IT. 

Hopkins [1925] has shown that glutathione favours the oxidation of un- 
saturated fatty acids of glycerides or lecithin esters. 

The experiment described above proves that reduced glutathione in the 
presence of milk fat is able to reduce methylene blue, which is in agreement with 
V. Martini’s hypothesis. This hypothesis, however, is disproved by the fact that 
milks which do not contain reduced glutathione nevertheless reduce methylene 
blue in sunlight. Determination of the substances oxidizable by iodine before 
and after exposure of the milk to sunlight (Table III) shows that in most cases 
the iodine-oxidizable substances are completely oxidized by the exposure. 


Table III 
“Reduced “Reduced 
glutathione” glutathione” 
before exposure after exposure Time of 
Fat to sunlight to sunlight decoloration 
Milk g./100 ml. mg./100 ml. mg./100 ml, sec. 
Cow 3-5 12 0 6 
3-3 15 0 5 
. 4-0 3 0 10 
i 2-0 0 0 © 
a 35 15 0 + 
‘ 3°75 20 0 Immediately 
Buffalo 7-0 56 0 1 
* 6-0 60 0 1 
es 6-5 32 0 2 
ea 8-5 34 0 2 
11-0 80 10 Immediately 
a 8-2 36 0 3 
Mare 0-7 132 101 Immediately 
* 0-8 140 120 1 
x: 1-0 125 110 1 
e 0-5 111 90 1 
- 0-9 123 100-5 1 
Sheep 6-0 15 0 3 
a 10-5 25 0 3 
2 10-3 50 0 2 
os 6-8 52 0 2 
Fi 2-5 32 0 + 
Woman 2-5 12 0 5 
’ a 0 0 oo 
a — 31 0 2 
. — 68 0 Immediately 
7 _ 48 0 2 
— 0 0 oo 
-— 0 0 oO 


” 


In these experiments, as in all to be described, 20 ml. milk were placed in a 
Petri dish 9 cm. in diameter and 5 drops of 1/2 methylene blue were added. 
The exposures were preferably made in May—August. 

(The interesting fact was observed that in these cases the sodium thiosulphate 
required for the back-titration of the iodine was often in excess of the quantity 
required for the iodine added.) 

The oxidation of the iodine-oxidizable substances in sunlight is independent 
of the fat content of the milk, since milk from which the fat had been removed 
gave approximately the same results (in vacuum) (Table IV). 

It is seen from Table IV that the time required for decoloration in separated 
milk in vacuum is somewhat longer than in entire milk, but in all cases the 
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Table IV 
“Reduced “Reduced 
Time of glutathione” glutathione” 
Time of decoloration before after 
decoloration in vacuum exposure exposure 

Milk sec. sec. mg./100 ml. mg./100 ml. 
Cow: Entire 10 14 15 0 
Separated oo 30 25 0 
Entire 12 16 13 0 
Separated rs) 36 13 0 
Entire ) 6 2 0 
Separated oo 42 2 0 
Buffalo: Entire 3 5 50 0 
Separated © 8 50 0 
Entire Immediately 4 60 0 
Separated ~ 10 60 0 
Entire 3 7 50 0 
Separated 0 10 50 5 
Sheep: Entire 1 2 60 0 
Separated 830 14 60 10 
Entire Immediately 1 70 0 
Separated 00 5 70 0 
Entire 2 3 55 3 
Separated oo 7 55 20 
Woman: Entire 0 150 1 0 
Separated oo 135 1 0 
Entire Immediately 2 60 0 
Separated Es) 12 60 0 
Entire ft 7 28 0 
Separated © 10 28 5 


methylene blue is completely reduced, whereas without evacuation reduction 
usually does not take place in the separated milk. This is in complete agreement 
with our view that the unsaturated fat of the milk rapidly combines, in sunlight, 
with the dissolved oxygen and thus creates anaerobic conditions in which re- 
duction of the methylene blue occurs. 

Since milk as a rule (p. 1453) does not contain reduced glutathione the question 
arises as to what is the oxidizable substance on which the reduction of methylene 
blue in sunlight depends. Booth & Kon [1934] have stated that milk after 
exposure to sunlight no longer reduces 2:6-dichlorophenolindophenol, which is 
known to oxidize ascorbic acid. 

E. Martini & Bonsignore [1934] also attribute to sunlight the power to 
oxidize ascorbic acid and have even proposed a method of determination of 
ascorbic acid based on this property. 

To ascertain the part played by ascorbic acid in the reduction of methylene 
blue by milk in sunlight, the following experiments were made. 

Exp. 1. 20 ml. of milk were exposed to sunlight for 5 min. in the usual way. 
After this exposure the milk did not reduce methylene blue. After the addition 
of 0-1 ml. of a freshly prepared solution of 0-2°% ascorbic acid,! the milk again 
rapidly reduced methylene blue on exposure. 


1 The ascorbic acid solution was made with “J-Ascorbinsaure”, Schering Kahlbaum. The 
solution was always freshly made because ascorbic acid becomes oxidized spontaneously on 
standing. 1 ml. of 0-2% ascorbic acid solution: 


On the first day required ae 2-67 ml. 0-004.N iodine 
On the second day required cen 2-37 ” 
On the third day required a 2-02 
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Exp. 2. The fat was removed from a quantity of milk by centrifuging, well 
washed with distilled water and dispersed in a buffer solution pH 6-8. This dis- 
persion did not reduce methylene blue on exposure, but when 1 ml. of 0-2% 
ascorbic acid was added, reduction rapidly occurred on exposure. 

Exp. 3. 5 ml. of 1% methylene blue solution are rapidly and permanently 
reduced by 0-1 ml. of 0-2 % ascorbic acid solution. The reduction only occurs in 
sunlight. Exposure to ultraviolet radiation, however long, does not cause 
reduction of the methylene blue. A similar observation was made with milk, 
and this affords indirect evidence that the methylene blue reduction by milk is 
due to ascorbic acid. 

Exp. 4. Varying quantities of ascorbic acid were added to milk and the 
substances oxidizable by iodine were determined before and after exposure 
(Table V). 

Table V 


ml. 0-004.N iodine 
solution required 


ml. 0-004. iodine 


mg. ascorbic acid 
solution required 


added to 100 ml. 





milk before exposure after exposure 
(1) 40 110 61 
20 56 0 
10 28 0 
5 13-7 0 
1 3 
(2) 30 63 21-75 
15 31-5 0 
10 16-2 0 
5 7-5 0 
1 1-56 0 


We see from Table V that in milk there is present only a limited quantity of 
substances which can be reduced by ascorbic acid in sunlight. The ascorbic acid 
becomes oxidized only in presence of a hydrogen acceptor. When this fails, the 
ascorbic acid remains unchanged. 

Further evidence that the methylene blue reduction by milk exposed to 
sunlight is due to ascorbic acid is afforded by the fact that the reduction no 


longer occurs if the milk is treated with alkali (Table VI). 


Table VI 
** Reduced ** Reduced Time of Time of 
glutathione” glutathione’ decoloration decoloration 
before after before after 
alkalization alkalization alkalization alkalization 
Milk mg./100 ml. mg./100 ml. sec. sec. 
Cow 12 0 10 00 
a 13 0 8 o 
Buffalo 56 8 3 500 
"9 50 10 Immediately 650 
Sheep 50 4 6 ow 
% 40 4 6 20 
Mare 132 12 2 200 
mn 128 15 7 178 
Woman 35 0 5 
60 0 Immediately oc 


Naturally soured milk retains its power of decolorizing methylene blue in 
sunlight. Bacterial reduction does not interfere. The substances oxidizable by 
iodine also remain unchanged after natural acidification. 
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DIscUSSION 


The experiments described prove that the action of sunlight produces two 
effects on milk. 

(1) Oxidation of unsaturated fat. This phenomenon is independent of the 
decoloration of methylene blue. The reduction of methylene blue is, however, 
aided by this oxidation of the unsaturated fat, which produces anaerobic con- 
ditions in the milk by using up the dissolved oxygen and thus allows the second 


phenomenon to appear. 

(2) Oxidation by catalytic dehydrogenation of the ascorbic acid present in the 
milk. This dehydrogenation is responsible for the decoloration of the methylene 
blue, which serves as hydrogen acceptor. When all the ascorbic acid has been 
oxidized, the colour of the methylene blue is restored if air or oxygen be admitted. 
The determination of the substances oxidizable by iodine before and after 
exposure to sunlight can be used to evaluate the vitamin C content of milk. 
The results obtained by this method agree well with those obtained by direct 
titration with 2:6-dichlorophenolindophenol by the method of Schlemmer e¢ al. 
[1932]. The rate of reduction of methylene blue on exposure of the milk to sun- 
light does not give quantitative information about the content of ascorbic acid 
because this rate depends on the amount of unsaturated fat present, which 
plays the part described above (oxygen absorption). 

With the exception of mare’s milk, the milks examined did not contain 
reduced glutathione, as was proved by the negative reactions to the nitroprusside 
and cadmium lactate tests. 

The properties of mare’s milk are being further studied. 
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One of the phosphoric esters of malignant tumours was identified by Outhouse 
[1936] as amino-ethyl phosphoric ester. This ester has never been reported as 
present in normal tissues. Two questions naturally arise: first, has the occurrence 
of this ester been overlooked in the isolation of the phosphoric esters of normal 
tissues, or secondly, is amino-ethyl phosphoric ester peculiar to malignant 
tumours. 

If this ester is peculiar to malignant tumours, it is of fundamental importance 
that this be definitely established. The only means of establishing this relation- 
ship with malignancy is the investigation of the phosphoric esters of normal 
tissues using a method capable of detecting amino-ethyl phosphoric ester, if 
present in the tissues. 

An attempt to detect the above-mentioned ester in pancreas, liver, placenta 
and embryo is reported in this paper. These tissues were chosen because it was 
considered that they would contain this phosphoric ester, if it was to be found 
in normal tissues. Muscle was not reinvestigated because of the thorough study 
given to its phosphoric esters by a large number of investigators. The author’s 
experience with the fractionation of the acid-soluble phosphorus of this tissue 
leads to the belief that it would be impossible to detect amino-ethyl phosphoric 
ester among the phosphoric esters of muscle. The fractionation of the acid-soluble 
phosphorus of muscle and of malignant and benign tumours [Outhouse, 1933, 
1935] is included in Table I for comparative purposes. 

The fractionation of the acid-soluble phosphorus of the normal tissues 
investigated is given in Table I with the total amount and the number of batches 
extracted. This information is tabulated to emphasize the fact that sufficient 
tissue was used to show the presence of amino-ethyl phosphoric ester, if it were 
present only in very small quantities, and to compare the results obtained from 
normal tissues with the quantity of this ester previously found in malignant 
tumours. 


EXPERIMENTAL 


Method employed in an attempt to detect amino-ethyl phosphoric 
ester in normal tissues 
The 4% trichloroacetic acid extract of the tissue was neutralized with 
baryta and filtered. To the filtrate was added 5 g. of mercuric acetate per litre. 
The mercury precipitate was removed by centrifuging. Basic lead acetate was 
( 1459 ) 
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added to the centrifugate until a maximum precipitation of organic phosphate 
was obtained. The lead precipitate was centrifuged off and decomposed with 
hydrogen sulphide. The centrifugate from the removal of lead sulphide was 
aerated to remove hydrogen sulphide and baryta was added to it until the 
solution was at pH 10. The solution was filtered into 4 vol. of 95% ethyl alcohol. 
The barium precipitate from the approximately 75% alcohol was filtered off, 
washed with 95 % alcohol and with ether and dried. The washings were combined 
with the filtrate and the solution was tested for the presence of organic phosphate 
to assure that complete precipitation of the organic phosphate present in the 
lead-insoluble fraction had taken place. 

The barium salts were converted into the brucine salts by removing the 
barium as barium sulphate and adding brucine in ethyl alcohol to the solution 
until the pH was 9. The brucine salts were fractionally crystallized by evaporat- 
ing and adding alcohol and acetone until the acetone content of the solution 
was about 80%. None of the fractions after drying showed a higher phosphorus 
content than 2% P. 

The brucine fractions were boiled in methyl alcohol. No amino-ethyl phos- 
phoric ester crystallized from the hot methyl alcohol solution of the brucine 
salts of the phosphoric esters from the normal tissues. 


Table I. Distribution of acid-soluble phosphorus in mg./100 g. 


Remarks 


Total 
wet wt. 

— 4 No. of tissue 
Tissue gh A 2. OP. ee a. .P. samples kg. 


Trichloroacetic 
extract 


Dark muscle 127 73 5 2 16 12-5 
Light muscle 163 90 5 5 2 13 7-25 
Bovine pancreas 87 31 é 5 2 2 16-24 
Bovine liver 126 70 5 1 0-9 
Human placenta 53 40 ‘ . ° 1 2. 
Bovine embryo 138 113 2 é 1 
*Malignant tumour 133 88 2 16 
*Benign tumour 19 12 2 é 2 4 


~ 
gr ty oo ty 


BD Gro Or 


* These values are the average values from the tables given by Outhouse [1933, 1935]. 


T.P.=total phosphorus. F.P.=inorganic phosphorus. 
O.P.=organic phosphorus (phosphoric acid esters). 


An improved method of synthesis of amino-ethyl phosphoric ester 


The method of synthesis described by Outhouse [1936] did not give a very 
satisfactory yield of amino-ethyl phosphoric ester. The following modification 
of the method has increased the yield to about 50% of theoretical. Mix 10 ml. 
(1 mol.) of mono-ethanolamine with 5-5 ml. (2 mol.) of distilled water; add the 
ethanolamine solution dropwise from a burette to 15 ml. (1 mol.) phosphorus 
oxychloride in a 500 ml. suction flask immersed in a bath of cold water. The 
reaction proceeds vigorously with the generation of hydrogen chloride. When 
the reaction is complete, remove the flask from the water-bath and evacuate with 
a water suction pump for | hr. at room temperature to remove as much hydrogen 
chloride as possible. The esterification at this stage is usually about 80%. Add 
500 ml. of distilled water, stir until the gummy mass is dissolved and add hot 
saturated baryta solution to pH 10. Centrifuge to remove barium’ phosphate, 
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wash the precipitate with water and combine the washing with the first centri- 
fugate. To the combined solution add 2 vol. of ethyl alcohol to precipitate the 
barium amino-ethyl phosphoric ester, place in refrigerator for 1 hr. and centri- 
fuge; wash the precipitate in the centrifuge pot by shaking with twice its bulk of 
95% alcohol and again centrifuge. Shake up the precipitate with ether, filter 
and dry. Recrystallize the barium salt by dissolving in 200 ml. of water, centri- 
fuge and add 2 vol. of alcohol to the centrifugate, wash and dry the barium salt 
as before. After three recrystallizations the barium salt should be free of con- 
taminating materials. 

Amino-ethyl phosphoric ester may be obtained from the barium salt by 
adding to a solution of the salt the amount of sulphuric acid required to pre- 
cipitate the barium as barium sulphate. Remove the barium sulphate by 
centrifuging. Reduce the volume of the centrifugate and add to it sufficient 
methyl alcohol to make the solution 80% methyl alcohol. The amino-ethyl 
phosphoric ester crystallizes out from this solution. Filter and wash with methyl 
alcohol. 

The analysis of the amino-ethyl phosphoric ester is given in the table below: 


P% N% 
Found 22-1 9-87 
Calculated 21-98 9-93 


M.P. 238°, 244° corrected. 


The melting-point obtained on this purified amino-ethyl phosphoric ester is 
the highest obtained on any preparation, and as the specimen contained no 
inorganic phosphorus, it is considered to be the true melting-point of the com- 
pound. Preparations containing 0-5°% inorganic phosphate have the melting- 
point lowered to 220°. The melting-point, 238°, is that obtained when the bulb 
of a 300° thermometer is immersed in sulphuric acid. The stem correction brings 
the value to 244°. 

The solubility of amino-ethyl phosphoric ester in water-ethyl alcohol and 
water-methyl alcohol has been determined. 


Solvent g./100 ml. 
Temperature 22° Water 17-0 
10% ethyl alcohol 9-7 
20 ” 5-3 
40 a 1-93 
60 * 0-37 
80 Pr 0-085 
Absolute ethyl alcohol 0-003 
10% methyl alcohol 9-5 
20 “6 4-32 
40 9 1-44 
60 % 0-35 
80 99 0-084 
100 ss 0-003 


The barium salt of amino-ethyl phosphoric ester crystallizes from a water- 
alcohol solution as beautiful white crystals. 

The analysis of the barium salt for phosphorus, nitrogen and barium is given 
below. The calculated value is corrected for the moisture found. 


P% N% Ba % Moisture 


Found 10-20 4-64 45-89 7-8 
Calculated 10-26 4-63 45-44 78 
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The solubility of barium amino-ethyl phosphate 


Solvent g./100 ml. 
Temperature 22 Water 12-5 
10% ethyl alcohol 4:57 
20 a 2-20 
40 a 0-54 
60 = 0-06 
95 ss 0-006 
Absolute ethyl alcohol 0-002 
10% methyl alcohol 4-20 
20 a 2-54 
40 = 0-81 
60 2 0-162 
100 ad 0-018 


The brucine and quinine salts were studied to determine their usefulness in 
isolating amino-ethyl phosphate from tissues. 

The brucine salt does not crystallize from ethyl or methyl alcohol, but 
crystallizes from acetone, or a mixture of alcohol, water and acetone when the 
acetone content of the solution is about 80%, in which case some free amino- 
ethyl phosphate comes down with the precipitate. 

The phosphorus content of the brucine precipitate was found to be 6-35%, 
the calculated is 5-02 %. The brucine salt of amino-ethyl phosphoric ester when 
dissolved in methyl alcohol dissociates into amino-ethyl phosphoric ester and 
brucine even when kept at 0°, and with excess brucine present. The recovery of 
the ester from the dissociation of the brucine salt is nearly quantitative. 

The quinine salt of amino-ethyl phosphoric ester is more stable than the 
brucine salt and can be crystallized from ethyl alcohol with the phosphorus 
content, 6-85 % P. 

Discussion 

The brucine salts of the barium-soluble esters, precipitated by basic lead 
acetate, of muscle, pancreas, liver, placenta and embryo have been found to be 
soluble in hot methyl alcohol and recrystallize from it on cooling, no crystalline 
precipitate being formed in the hot solution. The brucine salts from the same 
fraction of the acid soluble phosphoric esters of malignant tumours have been 
found to differ from those of normal tissues. 60°% of the organic phosphorus of 
this fraction [Outhouse, 1936] is present as amino-ethyl phosphoric ester whose 
brucine salt on dissolving in hot methyl alcohol dissociates into amino-ethyl 
phosphoric ester and brucine. The amino-ethyl phosphoric ester separates out 
almost quantitatively as a crystalline precipitate. The investigation of the pro- 
perties of the brucine salt of this ester has shown that the dissociation occurs 
in either hot or cold methyl alcohol even in the presence of excess brucine. 

Since no trace of free amino-ethyl phosphoric ester was found on boiling the 
methyl alcohol solution of the brucine fractions from the lead-insoluble fraction 
of the organic phosphates from the normal tissues investigated, it is concluded 
that amino-ethyl phosphate, if present in normal tissues, occurs in an amount 
that would correspond to less than 1 mg. per 100 g. wet weight. If the ester is 
present in such small amounts, it will be necessary to develop a micro-method 
for its detection. At present such a method is not available. Amino-ethyl 
phosphoric ester occurs in considerable quantity in malignant tumours. At 
least 60°% of the lead insoluble fraction shown in Table I is amino-ethyl 
phosphate. The average amount of this ester found in malignant tumours is 
36 mg./100 g. This expressed as phosphorus is 8 mg./100 g. wet weight. None of 
the ester was found in benign tumours. The phosphorus content of the lead- 
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insoluble fraction from these tumours was so low that it would be impossible to 
isolate it, if traces were present. 

The results of this investigation suggest that amino-ethyl phosphoric ester 
is peculiar to malignant tumours. If this is true, a new field is opened for the 
investigation of tumour metabolism, which may lead to a better understanding 
of the problem of malignancy. 

The data on the solubility of amino-ethyl phosphoric ester and its salts have 
given added assurance that a rational method has been used in the attempt to 
detect this ester in the normal tissues investigated. 


SUMMARY 


1. Amino-ethyl phosphoric ester could not be found in pancreas, liver, 
placenta and embryo. In malignant tumours the average content of amino-ethyl 
phosphoric ester was previously found to be 36 mg./100 g. 

2. If any of this ester was present in the normal tissues investigated, the 
amount present was less than 1 mg./100 g. 

3. Amino-ethyl phosphoric ester appears to be peculiar to malignant 
tumours. 

4. A satisfactory method of synthess of this ester has been described. 

5. The solubilities of amino-ethyl phosphoric ester and its barium salt are 
given for water-ethyl alcohol and water-methyl alcohol. 

6. The brucine and quinine salts of the ester were prepared and some of 
their properties described. 


The author expresses sincere thanks to Dr C. C. Lucas for his assistance and 
advice, and to Dr F. G. Banting and the Department of Medical Research for 
their interest and valuable criticism during the course of this work. 
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In an earlier paper [Tiselius, 1937, 1] the electrophoretic mobilities of different 
preparations of serum globulin from horse and rabbit sera were measured over a 
pH range including the isoelectric point. It was concluded, inter alia, that none 
of the preparations studied represented a homogeneous substance as judged by 
electrochemical properties. By subjecting serum to prolonged electrophoresis, 
and collecting the slowest fractions, 4 serum globulin material was isolated 
which was different from those obtained by the common methods and more 
homogeneous than these. 

An entirely new construction of electrophoresis apparatus has now been 
made, with the special purpose of studying the serum proteins, but of a very 
wide applicability for elucidation of the constitution of mixtures of proteins 
and other high molecular substances and for isolation of the components of 
such mixtures in pure form, a procedure which may be described as electro- 
phoretic analysis. The apparatus and the procedure have been described in 
detail elsewhere [Tiselius, 1937, 2], so that only the main principles in the new 
construction need be given here. 

The heat convection currents, which form the most serious source of error in 
systems of as high conductivity as serum and serum proteins, have been largely 
eliminated by having the apparatus working at +4°, at which the density of 
water is a maximum, and also by using a U-tube built of flat cells, with a rect- 
angular cross section. By these means 7-10 times as high voltage as in the 
earlier apparatus could be used, with a corre- 
sponding increase in separation capacity or 
“resolving power’”’ in the study of mixtures. 
Instead of the ultraviolet photographic 
method earlier used for observation of the 
migrating boundaries in the U-tube, a 
method depending upon refractive index 
(Toepler’s ‘Schlieren’? method) is applied 
[v. also Tiselius e¢ al. 1937]. With this 
method, each boundary appears as a black 
band in the image of the U-tube in the focus 
of the camera. Components of concentra- 
tions as low as a few hundredths of a per 
cent may thus be observed. The electrophoresis apparatus is shown in Fig. 1. 
The U-tube sections can be moved with respect to each other so as to cut 
off the column of solution into four parts, for analysis or for isolation of pure 
components. This movement is effected by a pneumatic arrangement (dotted in 
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Fig. 1. Apparatus for electrophoretic 
analysis. 
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the figure). On the right and the left are the tubes for the reversible electrodes, 
with a large volume of buffer solution between the electrodes and the U-tube. 
Fig. 2 shows a photograph of the boundary of a homogeneous protein (ov- 
albumin) after migration through about half of the length of one compartment. 
If one wishes to separate two components, which migrate with somewhat 
different velocities, but in the same direction, both components may have to 
migrate out of the U-tube before any appreciable separation has been obtained. 
This difficulty is overcome by the following arrangement. A cylindrical ebonite 
rod, slowly sinking down into or lifted out of one of the electrode tubes by 
means of clockwork, causes a slow and uniform movement of the solution as a 
whole through the U-tube, at any desired rate, in the opposite direction to the 
electrophoretic migration. With proper adjustment, one component will migrate 
to the right with the same “‘apparent” velocity as the other component to the 
left, and at the end of the experiment each half of the U-tube will contain only 
one component in the pure state. This procedure, whereby the separation capacity 
of the apparatus can be used to its full extent, has been found extremely useful 
in work with the serum proteins. 

In investigations of this kind it is necessary to have the same buffer medium 
throughout the apparatus. Therefore the protein solutions were dialysed against 
a large volume of the buffer solution to be used as supernatant. 
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Fig. 2. Fig. 3a. Fig. 3). 


Fig. 2. Photograph of the migrating boundary of a homogeneous protein (crystallized ovalbumin). 
Fig. 3a. Photograph of the migrating boundaries of horse serum after 80 min. at 7-25 V. per cm. 


Fig. 3b. Photograph of the migrating boundary of serum albumin, isolated from serum by electro- 
phoresis. Same time and voltage as in Fig. 3a 


The first experiments with the new apparatus showed very clearly that 
different fractions of serum globulin, prepared by precipitation, as well as 
samples of whole serum, consisted of several components, migrating at dis- 
tinctly different rates. Fig. 3a shows the behaviour of 4 times diluted horse 
serum in the apparatus. The serum had been dialysed overnight against the 
buffer used (163-5 ml. M/5 Na,HPO,+ 10-0 ml. M@/5 NaH,PO, per 1., pH=8-03, 
ionic strength =0-1). The potential gradient in the U-tube was 7-25 V. per cm., 
and the exposure was taken after 80 min. A compensation movement of 7-9 mm. 
per hr. during 95 min. in the same direction as the migration was used to bring 
out the slowest moving boundary, which otherwise would have been masked by 
the glass plate at the bottom of the cell. See also the illustration in the previcus 
publication [Tiselius, 1937, 2; Fig. 4]. For comparison Fig. 3b shows the result 
obtained with serum albumin (isolated by electrophoresis) under the same 
conditions. 
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It is especially important to notice the symmetry of the phenomenon, since 
disturbances due to thermal convection or boundary anomalies may give rise to 
several boundaries, which, however, are never alike on both sides. The conditions 
of the experiment were chosen so that the risk of such disturbances were mini- 
mized. As mentioned above, uniform and well-defined proteins like crystalline 
egg albumin when studied under the same conditions give only one boundary 
on each side. The most convincing proof that it is a question of a real separation 
into different components is given by the experiments described below, in which 
it was possible, by suitably conducting the electrophoresis, to isolate from horse 
serum four different fractions which can be observed optically and to study the 
mobility-pH relationship for each component separately. 

The fastest of these components could be identified with serum albumin. The 
other three are found in varying amounts in all serum globulin preparations 
investigated, and are more or less completely precipitated by half saturation 
with ammonium sulphate. They will therefore be named «, 8, and y serum- 
globulin. It has not yet been possible to isolate a protein corresponding to the 
slowest migrating boundary. As will be shown below, this substance (which 
will be called the 5-component) is formed of the others in varying amounts, 
depending upon the concentration. The migration of the 5-boundary in the 
serum can be observed only on the positive side: it is very marked in concen- 
trated solutions. 

Electrophoretic analysis of several different samples of normal sera from 
man, horse and rabbit as well as of immune sera gave similar pictures, although 
the relative amounts of the components varied considerably. It is therefore a 
phenomenon of very general importance. 

The conditions of the electrophoresis experiments as a rule differ, according 
to whether mobility determinations or preparative separations are the main 
purpose. In the former case one should work with low protein concentrations 
in order to avoid boundary disturbances. It is not possible, therefore, to make 
mobility determinations on undiluted serum (v. p. 1470). For separation purposes, 
one usually wishes to have the concentration as high as possible, in order to get 
larger amounts of material. In this case the migration of the boundaries is 
usually markedly altered, and the different sides of the U-tube do not give con- 
cordant results. The optical observation of the boundaries, however, makes it 
possible to locate the components in the tube in the course of the separation, 
and serves as a guide for the proper choice of voltage and rate of compensation. 

It should be emphasized that in many cases the optical-electrophoretic 
analysis also may serve as a guide in seeking for suitable methods of fractiona- 
tion, other than by electrophoresis. We have already had several examples of 
this in our laboratory. Electrophoretic diagrams, such as those in Fig. 3, give 
us very complete information of the composition of any fraction prepared, for 
example by precipitation methods. As will be shown below, one obtains not 
only qualitative information of which components are present but also a quanti- 
tative estimate of their relative amounts. Some serum protein fractions pre- 
pared by ammonium sulphate precipitation in the usual way were studied 
according to this method. The results demonstrated that the precipitate 
obtained by 30% saturation contained appreciable amounts of the fastest 
component (serum albumin), whereas the proteins which remain in solution 
after precipitation of serum with 55 % saturation contained 25 % of the globulin 
fractions, all of which were present. This illustrates the extremely high tendency 
to co-precipitation which is well known to all workers with the serum proteins. 
However, the pseudoglobulin prepared by electrodialysis proved to contain as 
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much as 85% of the fastest globulin component (globulin «) and 15% of the 
slower globulin y, and none of B or 8. As globulin « is rather difficult to obtain 
in sufficient amount by direct electrophoresis of serum (its concentration in 
serum being rather low), pseudoglobulin was found to be the best starting 
material for preparation of larger amounts of globulin «, for there is an appre- 
ciable difference in the mobilities of « and y and the intermediate f is absent, 
and so preparation of « by electrophoresis of pseudoglobulin is very easy. 

The present paper is intended to describe the electrophoretic analysis of 
serum, the isolation of pure fractions and an investigation of some of their 
physical properties. The differences in chemical properties will be the subject 
of a forthcoming publication. 


Electrophoresis of whole serum at different pH values and constant ionic strength 


The sera (kindly furnished by Statens Bacteriologiska Laboratorium, 
Stockholm) were from normal horses. In this work no preservative was used in 
the sera or in the purified fractions. Toluene causes precipitation. Freezing in 
a refrigerator at —8° to —10° does not seem to change the properties of the 
solutions and was always applied, unless otherwise stated. The samples were 
usually diluted 4 times with the buffer to be used and dialysed against this buffer 
in the cold, until there was no appreciable difference in pH inside and outside. 

The experimental results are seen from Table I and the curves in Fig. 4. 


Table I. Electrophoretic mobilities of the components in 4x diluted normal horse 
serum at different pH values and constant ionic strength 0-1. Temperature +0-0° 


Mobility em.* V.—! sec.—! x 105 








Buffer pH Albumin Glob. « Glob. B Glob. y Glob. 8 
Acetate 5-05 —1-39 — 0-36 -0-2 +1-02 +1-53 
Phosphate 6-02 — 4-24 — 2-76 —2-10 — 0-23 +0-4 

vee 6-87 — 5-39 — 3-98 —3-25 — 1-20 — 0-2 
8-03 —7-61 — 5-79 —4-57 — 1-90 —0-1 
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Fig. 4. The mobilities of the different components in 4 times diluted horse serum at different pH 
values and constant ionic strength (0-1). 


Fig. 5. Determination of the amounts of two components from the electrophoretic diagram. 
Experiments were also made at more acid pH values. It is, however, difficult 


to identify with certainty all the boundaries in unfractionated serum near the 
isoelectric point; compare Fig. 7, giving the mobilities of the purified fractions. 
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Serum, even after dilution with buffer, showed a more or less marked opales- 
cence, but the albumin and the albumin+ globulin « layers were always quite 
clear, with a yellow colour. The opalescence always migrates with the B-boundary. 
The y-boundary is usually more diffuse than the others, indicating that this 
component is less homogeneous. 

The interesting question of how non-protein constituents of serum migrate 
in electrophoresis will be investigated in the future. In this connexion reference 
may be made to the important work on this subject by Bennhold [1932] and 
Pedersen & Waldenstrém [1937], who were able to show that the yellow pigment 
bilirubin migrates with the albumin. We were able to confirm this observation. 
It should be noted, however, that Bennhold’s globulin boundary corresponds 
only to the globulin f in the present work, which is the most easily visible on 
account of the opalescence. The interesting conclusions of this author, as far as 
serum globulin is concerned, therefore do not refer to whole globulin, but only 
to one fraction. Measurements of the migration of cholesterol in serum have been 
made by Mellander [1935], using Theorell’s apparatus. 

One gets the impression that the B-globulin is somewhat more coloured than 
the solution above it, but on account of the strong opalescence in that fraction 
it is not easy to decide whether this is true or not. When precipitating serum by 
55% saturation with ammonium sulphate, the remaining solution contains 
mainly albumin, but also all the other components, although in much lower 
amount. The opalescence of 8 has now disappeared, and it can be seen clearly 
that this component carries part of the yellow colour. Whether this is bilirubin 
or another pigment has not yet been decided. 

Some orientation measurements on the distribution of carbohydrate after 
electrophoresis were made by means of the method of Tillman & Philippi [1929]. 
A solution containing equal parts of mannose and galactose was used asa standard, 
but the main purpose of the analysis was to make relative determinations. The 
following values were obtained for the different fractions, in per cent carbo- 
hydrate of the total amount of protein: serum albumin 1-4 %, globulin « 0-4%, 
globulin B 2-2%, globulin y 0-7%. The original serum had 2-2%. It is seen 
that the fractions contain less carbohydrates so some has evidently been removed 
in the separation. It is quite possible that further fractionation would remove 
still more. The amounts obtained were not sufficient for a repeated electro- 
phoresis without diluting the samples too much. 

The electrophoretic analysis can be arranged so that the relative amounts of 
the components can be estimated. This application of the method has not yet 
been worked out completely and will be dealt with in another publication. If 
there are only two components, a determination of their relative amounts is 
made most accurately by reading the positions of their respective boundaries 
after a suitable separation (y, and yz, Fig. 5). If the total length of the com- 
partment containing both boundaries is x, one obtains 


XaCatXpee=xXC's 
C4 + CR=C, 
where c, and cz are the concentrations of components A and B in the original 
solution of total concentration c, and c! is the total concentration of material in 
the compartment in question, as determined by analysis of the contents after 
electrophoresis. By combination of these two equations c, and cz are obtained. 
This method is convenient and accurate, as the positions of the boundaries are 
obtained with high precision. It can be applied also to three components if by 
suitable compensation (see above) one boundary is kept in the compartment 
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below. By analysing the total amount in both compartments, together with the 
original solution, we get three equations for determination of the three unknown 
concentrations. 

It is not possible to apply this procedure to serum with its 5 boundaries. 
Instead the concentrations were determined by a purely optical method: a 
concentration gradient integration analogous to that used in the computation 
of ultracentrifuge sedimentation diagrams, but somewhat simplified [v. Tiselius, 
1937, 2]. Whichever method is used it is essential that the conditions of dis- 
turbance-free electrophoresis be rigidly maintained. Determinations of this 
kind are possible only in solutions of low protein concentration, in the presence 
of large amounts of salts. Also there should be no mutual interaction between the 
different components. Under these conditions the integration gives the same 
result in both limbs of the U-tube. The following concentrations were found for 
serum, diluted 10 times, in phosphate buffer of pH 8-03 and ionic strength 0-1. 


Positive Negative Rel. 
side side Average cone. 

o o o/ o/ 

/0 /O o /0 
Albumin 0-280 0-270 0-275 35-6 
Globulin « 0-098 0-092 0-095 12-3 
ae 0-156 0-135 0-145 18-7 
o £40 0-238 0-280 0-259 33-4 


Methods like the latter require a high degree of optical perfection in the glass 
windows of the thermostat and the cells. So far only estimations of concen- 
trations have been made in this way, but attempts will be made to improve the 
accuracy. For orientation experiments in studying the variations in kind and 
proportions of the components of different sera the procedure is very convenient. 

A comparison was made according to this method of the relative concen- 
trations of the components of (1) a normal rabbit serum, (2) a serum from the 
same animal, immunized with a solution of 4 times recrystallized egg albumin. 
For these sera the author is much indebted to Dr M. Heidelberger. The antiserum 
was highly potent: about 25 % of the total nitrogen was specifically precipitable 
with egg albumin. Optical analysis gave: 


Normal serum Antiserum 
o/ of 
/O /O 
Albumin 66-2 §1-2 
Globulin « 6-6 7-4 
7 10-0 8-4 
a y (+8) 17-2 33-0 


Thus there is a very great increase in the slow fraction. Subsequent isolation 
of this by electrophoresis gave a preparation which was specifically precipitable 
to an extent of 85°. The other fractions did not give any precipitate with egg 
albumin solution. 

This method of studying immune sera, and of concentrating antibodies 
seems to be of considerable interest [v. also Tiselius, 1937, 3]. The beautiful 
methods of Felton [1931; 1932] and of Heidelberger & Kendall [1936], applied to 
antipneumococcus sera for isolation and purification of antibodies by dissociation 
of specific precipitates, are not so successful with anti-egg albumin sera. Work 
along these lines with different antisera is being continued. The fact that the 
antibody properties are carried only by one of the observed globulin fractions 
is strong support for the view that these fractions show essential differences 
in their chemical and physiological properties. 
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The experiments referred to in Fig. 4 above were all made with 4 times 
diluted serum. In a number of other experiments the concentration was varied 
from undiluted to 10 times diluted serum, all in the same phosphate buffer of 
pH 8-03 and ionic strength 0-1. The phenomenon was essentially the same at all 
concentrations. In undiluted sera the boundary disturbances are very marked: 
conductivity measurements show that the buffer becomes more dilute at one 
side and more concentrated at the other. Effects of this kind develop as a result 
of the influence of the high protein concentration on the transport numbers of 
the buffer ions. Mobility measurements cannot therefore be made. Sometimes 
there is an indication of one more boundary just behind the albumin, but it 
does not seem justifiable to consider this as evidence of the existence of another 
component, under the rather ill-defined conditions prevailing at the boundary 
between undiluted serum and pure buffer solution. 

There is, however, one marked change that takes place when passing from 
the dilute to the concentrated solutions. The 6 component increases at the cost 
of the other globulins. In order to study this effect, and also to get more de- 
tailed information regarding the conditions in concentrated sera, the following 
procedure was used with the object of eliminating as far as possible the boundary 
anomalies. Since these depend only on the differences in concentration, one may 
study the migration of the components of very nearly undiluted serum, or any 
concentration, by using a somewhat more dilute serum as supernatant in the 
upper compartments of the U-tube. An experiment with 1/2 serum against 1/4 
serum gave very nearly the same results as the 4 times diluted serum studied 
previously. Only the 5-component was stronger and appeared on both sides. 
Undiluted serum against 6/7 serum showed the effect very markedly: only 
the albumin and the 6-boundary appeared, with faint indications of the 
other three. 

It is not easy to give an entirely satisfactory explanation of this rather 
puzzling phenomenon. There is, however, little doubt that the effect is 
real, since boundary anomalies should not appear under the last-mentioned 
conditions (which have been controlled by experiments with other protein 
mixtures). Evidently the charge of the globulins in undiluted serum is almost 
completely neutralized by some unknown substance, which must carry a positive 
charge even at pH 8. This neutralizing agent on dilution is dissociated off more 
or less completely, and the globulins «, 8, y, are then able to show their individual 
migration. Such an effect would give rise to a well-defined boundary on the 
positive side, but to a markedly spread-out boundary on the other, in agreement 
with observation. If this view is correct, the substance would be found (possibly 
very much diluted) behind the slowest component on the negative side. So far 
tests for proteins, amino-acids, carbohydrate, glucosamine have been negative; 
possibly the concentration is very low. 

However this may be, the fact that serum globulin in undiluted blood serum 
is electrically neutral, and acquires a charge first on dilution, is of considerable 
interest. It should also be noted that the sedimentation properties of the protein 
components in whole serum change strikingly with the concentration [McFar- 
lane, 1935]. 

Very marked changes are observed in the electrophoretic diagrams of serum 
which has been “‘thermo-inactivated’’, i.e. heated to 56° for 10 min. The serum 
albumin boundary suffers a very large reduction in its mobility and migrates 
near the B-globulin. A similar change was observed in a serum which had been 
extracted with alcohol-ether at low temperature to remove lipoids (kindly 
supplied by Dr E. Holiday). Possibly this is an indication of incipient 
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denaturation. Otherwise the diagrams obtained from fresh or frozen sera of 
different horses were quite reproducible, although fluctuations in the relative 
amounts were often noticed. 


Isolation of the protein components 


The complete fractionation by electrophoresis of a mixture containing 4 
components is not an easy matter. The capacity of the apparatus is rather small, 
and if a separation has to be made in two steps, the solution becomes rather 
dilute. All fractionation was made at pH 8-03, since the mobility differences are 
largest at alkaline reaction. 

Serum albumin is easily obtained in a concentration of 2-3°% by adjusting 
the compensator so as to give globulin « an apparent mobility of zero, using 
undiluted serum. Then the upper positive compartment will contain pure 
albumin, and by observing the boundaries the separation can be controlled 
easily. One should not let any of the slower boundaries pass through the bottom 
of the U-tube in the fractionation. This upsets the hydrostatic equilibrium in 
the tube and gives rise to convections, which may cause the formation of quite 
sharp boundaries, falsely indicating new components. For this reason it is 
preferable first to isolate a considerable volume of the two fastest and the two 
slowest components, and then run the resulting fractions again to complete 
separation. In electrophoretic purification, in contrast to other methods, the 
preliminary removal of part of an impurity does not offer any advantage (unless 
there is mutual combination). It takes just as long a time to prepare pure 
albumin from a mixture containing only albumin+ globulin « as if one starts 
with whole serum. There is even evidence for the statement that a large amount 
of impurity may be of advantage: it gives a sharper and more stable boundary 
than is obtained with solutions containing smaller amounts of impurities. 

The following are some examples of the application of the procedure. 
Fractions of albumin+ globulin «, which had been collected from several runs 
with undiluted serum were dialysed against the above-mentioned phosphate 
buffer of pH 8-04 and run with the large capacity electrode tubes with 400 V. on 
the apparatus (9-7 V. per cm.). The observed separation of the two boundaries 
was 4-8 mm. per hr. A compensation of 22 mm. per hr. makes the “apparent” 
migration velocities of opposite sign approximately equal. By modifications in 
the voltage and by stopping the compensator clock part of the time small 
necessary adjustments could be made (as controlled by the optical observation). 
After 24 hr. the experiment was stopped and the compartments emptied. The 
albumin boundary was then a little above the top of the upper positive com- 
partment, the globulin boundary (which became very diffuse) was all the way 
down into the U-tube. One obtained in this way 8 ml. of pure serum albumin, 
of 2-1 % concentration, and 8 ml. of a solution of globulin «, which however was 
quite weak (0-2 %). 

To obtain larger quantities of globulin « it is better to use an electrodialysed 
pseudoglobulin solution as starting material. The solution used in the previous 
publication [Tiselius, 1937, 1] was proved by electrophoretic analysis to contain 
85 %, of globulin « and 15% of y. Fig. 6 shows these two components in a pseudo- 
globulin solution concentration 1-7°%, after 40 min. at 7-3 V. per cm. and a 
compensation of 0-79 cm. per hr. in the direction of migration (pH =8-04). 
Complete separation is effected in about 5 hr. at 400 V. (9-7 V. per cm.). The 
compensation was 10-5 mm. per hr. at this voltage against the migration. 
8 ml. of pure globulin «, of concentration 2-2 %, and 8 ml. of globulin y, concen- 
tration 0-3%, were obtained from 12-5 ml. pseudoglobulin of concentration 
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3-0%. Usually there is some dilution during the migration, especially on the 
negative side, probably due to the marked changes in buffer concentration taking 
place in the U-tube in prolonged electrophoresis, on account 
of the influence of the protein on the transference number 
of the buffer ions. 

Globulin « can also be made easily from serum globulin 
prepared by precipitation of serum with ammonium sul- 
phate. Since these contain also B the separation takes 
longer time than when pseudoglobulin is used. Of the two 
others, globulin y is much easier to prepare than 8. One 
may obtain it simply from undiluted serum by collecting 
the layer between the y- and B-boundaries at the negative t= 
side. This component is more heterogeneous than the 
others, so its boundary is spread out rapidly. It also Fig. 6. Photograph of 
shows a tendency to become dilute during electrophoresis. the migprting oar 
Globulin 8 was prepared in two steps: first B+y were aries in a pseudo- 
isolated J. serum, then 8 and y were ae te in eos 
last operation the y-boundary was hardly visible, and the separation was run 
just for the calculated time. 

It is possible to isolate B in one run, thereby avoiding the dilution which is 
the drawback of repeated operations. Suppose we run serum in the usual way, 
and arrange so that the 8 boundary reaches the upper end of the U-tube after 
a suitable separation time. If now the U-tube is closed, and the layer above, 
containing albumin, and the albumin+globulin « layers pipetted off with a 
capillary (which may be inserted through an additional side-tube on the bent 
connexion tubes to the electrode vessels) and substituted by buffer, the remaining 
layer willin its upper part contain only albumin, « and f (no y). If we therefore 
reverse the current, pure f is left behind, and may be pipetted off. It has not 
been possible to isolate more than 2 ml. of 0-32 % f in this way. 

An apparatus for fractionation of larger volumes is under construction. The 
investigation of the chemical and solubility properties of the pure fractions, 
in particular, requires larger amounts of material than can conveniently be pre- 
pared with the arrangement described in this paper. 


Determination of mobility-pH relationship of the components 
The results of the mobility determinations are given in Table II and Fig. 7 


Table Il. Electrophoretic mobilities of the different serum protein fractions at 0° 
in acetate and phosphate buffer mixtures of varying pH and constant ionic 
strength 0-1 


Mobility in em.? V.~ sec.—! x 10° 





: ioe 
Buffer pH Albumin Glob. « Glob. B Glob. y 
Acetate 4-08 + 2-96 — — — 
. 4-63 +0-13 cas a am 
= 4-92 — 1-36 +0-73 +0-92 + 2-22 
Phosphate 6-02 — 4-60 — 3-34 — 2-55 +0-01 
6-87 — 5-90 4-48 —3-58 —0-99 
= 8-03 —715 — 6-16 — 4-20 -1-51 
Isoelectric points pH=4-64 pH =5-06 pH =5-12 pH=6-0 


For accurate mobility measurements one has to take the hydrostatic dis- 
placement in the U-tube into account, which counteracts the displacement of 








; 


ee 





TD ag ET eR a 





ELECTROPHORESIS OF SERUM GLOBULIN. II 1473 


the protein column [v. Tiselius, 1930, pp. 44-5]. One may correct for this effect, 
or it may be eliminated by reducing the free solution area in the electrode tubes 
by using well-fitting ebonite stoppers. With these one cannot use the present 
compensation arrangement, which however is very seldom necessary in experi- 
ments designed primarily for mobility determination rather than separation. 
The pH values of the buffer solutions used were usually measured at room 
temperature (18°). Measurements at 0° gave values which differed from these 
only by 0-01-0-02 pH unit. 
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Fig. 7. The mobilities of the isolated serum protein components at varying pH 
and constant ionic strength (0-1). 


The temperature of the solution during the experiment is between 0° and 4°. 
Its exact value may be determined by observing the slight rise in current shortly 
after starting. However, it is usually quite sufficient to make use of the con- 
ductivity at 0° to calculate the potential gradient. If this be done, and if the 
temperature coefficient of the mobility of the protein is the same as that for the 
conductivity of the solution, the mobility thus obtained is the exact mobility 
at 0°, as is easily realized. 

A comparison of Fig. 7 with the diagram of the results obtained with un- 
fractioned serum, Fig. 4, clearly demonstrates the fact that the electrophoresis of 
whole serum essentially is that of a mixture of the distinct components isolated. 
On the other hand it is seen that the migration velocities in serum under identical 
conditions are not exactly the same as for each component separately. This may 
be due to a mutual mobility influence of the protein components or of other 
constituents present in the original serum but removed in the purification. 

The pure globulin components each gave only one boundary, even after 
prolonged electrophoresis (5 hr. at 300 V.). The 8- and y-globulins gave rather 
diffuse boundaries, however, whereas the «-boundary remained quite sharp. 
Evidently the two former components are not quite as homogeneous as the 
latter. 

It should be mentioned that mixtures of serum albumin and globulin «a, 
or globulin « and globulin y in about equal amounts at pH =8-04, in neither 
case gave any boundaries other than those corresponding to the two components 
mixed, with mobilities which were practically unchanged. 

The serum albumin always gave a trace of slow material left behind. This 
component seems to be formed from the albumin on standing or on dialysis. 
Prolonged electrophoresis also gave an indication of two fast boundaries. It is 
seen that the isoelectric point is somewhat more acid than has been observed 
for crystalline serum albumin, pH 4-8—4-9 [Tiselius, 1930; Pedersen & Kekwick, 
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unpublished]. As the present paper was intended to deal chiefly with the globu- 
lins, the interesting behaviour of serum albumin will be taken up later. 

The measurements on serum globulin in the earlier publication [Tiselius, 
1937, 1] refer to mixtures of these components. If the mobilities are reduced 
from 20° to 0° by multiplying by the ratio of the viscosities, one gets values 
which agree reasonably well with what would be expected for a mixture of the 
components studied in the present paper. 

The existence of a serum globulin with isoelectric point pH 6-1 seems to be 
of considerable interest, especially as it was found that the antibody belonged 
to this fraction in the case referred to above. 

It cannot be definitely said that these fractions may not be further sub- 
divided. The globulin y, for example, gave a marked spreading of the boundary. 
Under such conditions one should use a high concentration to detect traces of 
other components. Usually the optical method allows observation of components 
of concentrations down to about 0-02-0-05%, but if the boundaries are much 
spread out on account of heterogeneity, considerably higher concentrations 
are required. Imperfections in the windows prevent an otherwise feasible 
increase in the sensitivity of the optical arrangement. So far the quantities 
isolated have been insufficient for investigation at high concentration. An 
optical micro-apparatus is now under construction, requiring only 0-5-1 ml., 
which will presumably be of much value for further work on the subject. 

Sedimentation and diffusion measurements. In the ultracentrifuge the 

albumin fraction gave a sedimentation constant of 89)=4-7 x 10-1*, which agrees 
with previous determinations in this laboratory on crystalline serum albumin 
(4-5 x 10-15). There was only a trace of material of high sedimentation constant 
(around s=17~x 10-5) and nothing of the typical globulin sedimentation 
(s=7-1). The electrophoretic material is much more homogeneous in its sedi- 
mentation than several times recrystallized albumin, which seems to be quite 
difficult to purify from globulin. The diffusion of the preparation was not deter- 
mined. 
Of the globulin fractions y was the most homogeneous and gave only one 
component of s3)=7-0 x 10-1%, besides a trace of 8.) around 18 x 10-18. No com- 
ponent with albumin sedimentation could be detected. Earlier measurements 
gave as value for the (unfractionated) serum globulin 7-1 x 10-1°.1 The diffusion 
constant at 20° was 4-05 x 10-7 c.g.s., and the diffusion curves also showed a high 
degree of homogeneity. This and the following diffusion determinations were 
kindly made by Mr Polson of this laboratory, using Lamm’s accurate refractive 
index method [Lamm & Polson, 1936]. By combination of the sedimentation 
and the diffusion constants a molecular weight of 165,000 is obtained (un- 
fractioned globulin 167,000). The «- and B-globulins both gave a main fraction 
of sedimentation constant 8)=6-7-6-8 x 10-!8 somewhat lower than for y. 
Considerable fractions of lighter and heavier material were present, with 
Sg = 3-1 x 10-# and 18 x 10-18. The diffusion constants were both 4-1 x 10-7 ¢.g.s. 
at 20°. 

Summing up, we may say, that the albumin and the globulin y were more 
homogeneous in sedimentation than material prepared by the common pre- 
cipitation methods. The two other fractions were rather less homogeneous. It 
must be emphasized, however, that according to recent results in this laboratory 
by Pedersen [1936] the sedimentation constant of serum globulin cannot be 
considered to be an unequivocal characteristic of this protein, as in presence of 
other substances, for example serum albumin, it is partially transformed into 

1 Tabul. biol., Berl., Ed. W. Junk, 5, 352-3 (1935-6). 
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a form characterized by a lower sedimentation of the same magnitude as that of 
albumin. 

The relationship of the components described to “‘euglobulin”’ and “‘pseudo- 
globulin”. It has already been mentioned that serum protein fractions prepared 
by ammonium sulphate precipitation were found to contain all the com- 
ponents described, but in greatly varying amounts, so that the fractions most 
easily precipitated contain mainly y and f and smaller amounts of « and 
albumin, whereas the proteins precipitated above 55% saturation with am- 
monium sulphate contained about 75 % albumin and only 25 % of the globulins. 
Serum globulin, reprecipitated 3 times with 55 °% ammonium sulphate, dissolved 
in 5% sodium chloride, dialysed and electrodialysed, consisted of 75-85% of 
globulin «, the rest of a slow component, probably y. Euglobulin (serum globulin I 
in the previous publication, Tiselius [1937, 1] contained more f and y, and less «. 
Very probably therefore the solubility differences between pseudo- and eu- 
globulin depend upon the different solubilities of the « and the , y fractions. 

General remarks. The investigations with the main object of dividing serum 
into its fractions are too numerous to be referred to here. It may be sufficient 
to point to the fundamental work of Sorensen and his collaborators, who mainly 
used ammonium sulphate precipitation, the classical method of protein fractiona- 
tion. That much valuable information may still be gained along this line is 
shown for example by the recent findings of Hewitt [1936; 1937] regarding the 
fractionation of serum albumin into a carbohydrate-free and a carbohydrate- 
rich component. Especially through the work of Svedberg, there has grown a 
recognition of the necessity of studying directly protein systems from the point 
of view of homogeneity in solution, since information is thus gained as to the 
actual condition of the components present, without the risk of changing this 
condition by more or less violent methods used for fractionation. The ultra- 
centrifuge investigations of Svedberg & Sjégren [1930], v. Mutzenbecher [1933] 
McFarlane [1935], Pedersen [1936], Heidelberger & Pedersen [1937], have thus 
given much new information about the serum proteins. Besides ultracentrifuging 
(and possibly ultrafiltration and diffusion) electrophoresis seems to be anespecially 
suitable method for work of this kind. In his well-known work “Colloidal 
Solution. The Globulins” Sir William Hardy [1905], who was the first to 
observe the electrophoresis of proteins, studied serum with a migration apparatus, 
and it is quite evident that he realized the importance of this method for homo- 
geneity studies. Progress in the work with serum by means of electrophoresis 
has been slow, however, as the experimental difficulties are especially great, on 
account of the high conductivity. In recent years many interesting contributions 
have been made. Theorell [1930] showed that albumin and globulin migrate at 
different rates in serum, by analysing the contents of the U-tube by precipitation 
methods after sending current through. A similar method was used by Bennhold 
[1932]. McFarlane [1935], using Theorell’s apparatus, was able to isolate 
sufficient amounts of albumin and globulin of human serum for determinations 
in the ultracentrifuge and from his results concluded that the method gave very 
homogeneous preparations and also suggested that this procedure may be 
valuable for isolation of non-crystallizing albumins. Kylin [1934] and especially 
Grénwall [1935] also made observations on the electrophoresis of serum. The 
latter author, using a modification of Bennhold’s apparatus observed, by the 
aid of a Tyndall beam, 5-9 sharp boundaries in the positive limb of the U-tube, 
when subjecting undiluted sera to prolonged electrophoresis (36-48 hr.) against 
a Ringer solution. The number of boundaries varied for different animals and 
even for different individuals. The conditions of these experiments are not 
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sufficient to guarantee undisturbed migration. The facts that the boundaries are 
visible only in one limb and that the load on the apparatus was very high suggest 
that convections may have interfered. It has been emphasized above that 
convections tend to develop very sharp “‘false’’ boundaries. This occurs almost 
invariably if some of the components are allowed to migrate through the bottom 
of the U-tube, as seems to have been the case in these experiments. Neverthe- 
less it seems possible that some of the boundaries observed by Grénwall may 
correspond to components described in the present paper. 

The heterogeneity in electrophoresis of serum globulin was observed by the 
author [1930] and special attention was given to the fact that the preparations 
studied were nevertheless homogeneous in ultracentrifugal sedimentation. The 
existence of three electrochemically quite different serum globulins with approxi- 
mately the same molecular weights has been established above. One might 
perhaps suggest as an explanation that the three globulins are nearly identical, 
and the differences in charge are caused by constituents of low weight, bound to 
the identical main constituent. If this be the case, it should be emphasized that 
the charge-determining factor must be firmly bound, since otherwise an isolation 
of single components would have been impossible. Furthermore the additive 
behaviour on mixing pure components would be hard to explain, since one would 
expect the different forms to be in equilibrium, if there is loose combination. 

The identity of the molecular weights is, however, by no means an indication 
of chemical identity, as is quite clear from the large number of ultracentrifugal 
data now collected by Svedberg and his co-workers. There is even a tendency 
for the molecular weights to group themselves into classes, each containing 
proteins of widely different chemical properties but of nearly the same size. 
The author is rather inclined to believe that this is the case also with the serum 
globulins, especially as the ultraviolet absorption is markedly different. Further 
investigation of the chemical properties of these substances will probably throw 
more light on that question. 

In conclusion a few remarks should be made about the significance of the 
results obtained by electrophoretic analysis of ‘‘biocolloid systems”’. It is char- 
acteristic of this method that we obtain information about the components of a 
system subjected to a very mild agent, and this information therefore refers 
closely to the conditions prevailing in the original system. This does not neces- 
sarily mean that our components represent chemical individuals. It was 
mentioned above that bilirubin migrates with the albumin and cannot be 
separated from this by electrophoresis. On the other hand we know that by 
many recrystallizations a colourless albumin may be produced. Evidently 
ammonium sulphate precipitation to a certain degree breaks down the original 
complex. The gradual application of less mild procedures would seem to be the 
proper method of approaching the structure of such systems. It should be 
emphasized that the electrophoretic analysis lends itself also to such a gradual 
increase in the violence of attack: by work at extreme pH values or salt con- 
centrations, by addition of enzymes or other substances known to cause a 
breakdown, new systems are made which are equally well suited for an analysis, 
along the lines demonstrated in this paper. 


SUMMARY 
A procedure has been worked out by which mixtures containing several 
components (proteins and other high molecular compounds) may be studied 
from the point of view of chemical homogeneity and also separated into their main 
constituents, by means of an improved electrophoresis apparatus. The improve- 
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ments have made possible a considerable increase in the potential gradient in 
the electrophoresis tube and therefore a more rapid and complete separation. 
The separation capacity of the apparatus is made use of to its full extent by a 
special compensation device. Optical observation of the boundaries can be 
made by a sensitive method (Toepler’s Schlieren method) and may also allow 
a quantitative estimation of the amounts of the components. 

With the aid of this method serum, as well as solutions of serum globulin, 
were found to contain several distinctly different components, which could be 
completely separated. Accordingly serum is not a more or less continuous 
mixture, but contains well-defined protein fractions: albumin and three globu- 
lins a, 8B and y. The globulins have approximately the same molecular weight, 
but quite different electrochemical properties: e.g. the isoelectric point of 
globulin y is at pH =6-0, instead of 5-1 for the globulins « and 8. In addition the 
mobilities are quite different, especially at alkaline reactions. 

Investigation of a highly potent anti-egg albumin serum from rabbit showed 
that the antibody function migrated with the y-globulin fraction only. By 
isolation of this fraction a considerable concentration of specifically precipitable 
protein could be obtained. 

The significance of the results and the method is discussed, and the wide 
applicability of the latter is emphasized. 


The author wishes to express his thanks to Prof. Svedberg for his kind and 
encouraging interest in this investigation. His thanks are also due to Mr H. 
Svensson for valuable assistance. The expenses connected with the building of 
the apparatus used and the research were defrayed by grants from the foundation 
“Therese och Johan Anderssons Minne”, from the Rockefeller Foundation, 
and from the foundation ‘‘Knut och Alice Wallenbergs Stiftelse”’. 
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Irv appears to be a fairly constant characteristic of phosphoproteins in general, 
that on digestion with pepsin there is formed a white precipitate containing a 
higher percentage of P than the original phosphoprotein. Caseinogen yields a 
material known as paranuclein,! which has been fairly extensively studied; 
vitellin yields haematogen; and ichthulins prepared from various fish roes all 
give a pseudonuclein. The sole exception recorded is the caseinogen of human 
milk [v. Moraczewski, 1895], to which we may now add the batrachiolin of frog’s 
eggs. 

oe The cause for the precipitation of pseudonuclein is rather obscure; and it was 
decided to undertake the preparation of this material from a number of different 
sources, in the hope that comparison of the products might show a common 
relationship. 

In a previous communication [Herd, 1936].it was shown that paranuclein 
was not a single substance, but that it consisted of at least two fractions, one of 
which was soluble in water and in trichloroacetic acid. This suggested a simple 
method of comparison of the various pseudonucleins, and we have used it 
to compare paranuclein and haematogen. With ichthulin from cod roe and 
batrachiolin from frog’seggs, there isnot formed sufficient pseudonuclein for similar 
analysis, but the digest as a whole has been analysed by trichloroacetic acid 
precipitation analogous to the experiments already carried out with caseinogen 
by Stirling & Wishart [1932], and with vitellin by Blackwood & Wishart [1934]. 


Caseinogen 

The investigation of caseinogen has already been recorded by Stirling & 
Wishart, and that of paranuclein by Herd. For the sake of comparison with the 
results obtained with other phosphoproteins, the results may be briefly sum- 
marized here. 

When caseinogen of N/P ca. 20 is digested with pepsin, there separates a white 
precipitate of N/P 8. This material contains some 15-20 % of the caseinogen 
N, and 25-30% of the caseinogen P. When dissolved in weak alkali and repre- 
cipitated by trichloroacetic acid, a part of the paranuclein remains in solution. 
This soluble fraction has N/P about 10, somewhat higher than paranuclein, the 
acid-insoluble fraction has N/P about 6. Extraction with water alone at pH 2 
serves to fractionate the paranuclein into the same two fractions, only the acid- 
soluble fraction being soluble in water at this pH. This acid-soluble fraction 
differs from the acid-precipitate in its amino-acid content, being deficient in the 
aromatic amino-acids. 

1 It was suggested by Hammarsten [1894] that the precipitates as a class should be known as 
“*pseudonucleins”’, and that the name “paranuciein”’ should refer specifically to the material 
derived from caseinogen; and we shall use the names according to this scheme. 
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When the caseinogen digest as a whole is precipitated by trichloroacetic acid, 
the acid-precipitate has N/P 12-8. 
Vitellin 

It was shown by Blackwood & Wishart that digestion of vitellin of N/P 19-2 
by pepsin results in the separation of a pseudonuclein known as haematogen of 
N/P 4-3, containing some 20% of the vitellin N and 77 % of the vitellin P. 

Precipitation of the digest as a whole by trichloroacetic acid gives an acid- 
precipitate of N/P 6-5. 
_ For comparison with paranuclein, some haematogen was prepared, centri- 
fuged off, washed and dried, and examined as described below. 

A weighed amount of haematogen, ca. 0-35 g., was suspended in 25 ml. water, and allowed to 
extract at 37-5°, the pH being approximately 4-2. After 30 min., 10 ml. of the suspension were 
filtered, and the filtrate analysed for N and P. To another 10 ml. sample, alkali was added to 
dissolve the haematogen, and the volume made up to 20 ml. Part of this was analysed for total 
N and P; a 5 ml. sample was precipitated with 5 ml. of 10% trichloroacetic acid, filtered and the 
filtrate analysed. 

The results of this experiment, and a subsequent duplicate, are given in 
Table I, and amino-acid colour reactions in Table II. N and P are expressed 
throughout as % of the totals present. 


Table I 
Experiment eve 1 2 
Total N/5 ml. vag 12-08 mg. 11-50 mg. 
Total P/5 ml. ee 2-70 mg. 2-60 mg. 
N/P ratio ete 4-5 4-4 
_————— ees ——— — 
N% P% N/P N% P% N/P 
Water-soluble fraction 22:1 3-9 25-0 30-1 3-2 41-2 
Acid-soluble fraction 29-8 18-2 7-7 24-2 14-8 7-2 
Acid-insoluble fraction 70-2 81-8 3-8 75:8 85-2 3-9 
Table IT 
Water-soluble Acid-soluble 
Test Haematogen fraction fraction 
Biuret + - a 
Xanthoproteic + + - 
Millon ~ Faint - 
Glyoxylic + Faint ~ 
Labile S = Faint Faint 


It is clear that haematogen shows distinct points of difference from, and 
resemblance to, paranuclein. Haematogen also contains acid-soluble and acid- 
insoluble fractions; and the soluble fraction has a N/P ratio higher than the 
acid-insoluble. Further, as with paranuclein, the acid-soluble fraction appears 
to be deficient in the aromatic amino-acids. But unlike paranuclein, the acid- 
soluble and water-soluble fractions differ markedly in N/P ratio; and considera- 
tion of the relative distribution between them of N and P renders it unlikely that 
either is part of the other. 


Ichthulin 


The production of pseudonuclein from ichthulin has been studied by several 
workers, including chiefly Walter [1891], Levene [1901] and McCrudden [1921]. 
Levene, however, used a different method of preparation of his “ichthulinic 
acid’’, and it appears certain that his material is not the typical pseudonuclein. 

The ichthulin used in the experiments reported below was prepared from cod 
roe in three stages of maturity, prep. I representing that from the youngest roe, 
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prep. III that from the oldest. The method of preparation of the ichthulin was 
that described by Levene. (Ichthulinic acid we have not studied.) 

Digestion of ichthulin with pepsin gave a surprisingly small quantity of 
pseudonuclein. Too little was obtained for its separation in bulk, sufficient being 
obtained in each digest for only one direct analysis, and insufficient to establish 
any quantitive difference between the whole digest and the supernatant liquor. 
Precipitation of the digest liquor with trichloroacetic acid was also carried out 
in the same way as with caseinogen and vitellin. 


1 g. ichthulin was ground up in a mortar with a little water, and some 2-5 ml. N HCl added, to 
give pH 2. The volume was made up to 80 ml., and 20 ml. of 2% pepsin (B.D.H.) were added. 
The mixture was incubated at 37-5° till precipitation and flocculation of pseudonuclein occurred; 
several 5 ml. samples were meanwhile precipitated by addition of 5 ml. of 10% trichloroacetic 
acid. 


The results of N and P estimations are given in Table III. 





Table III 
Acid-soluble Acid-insoluble Pseudo- 
Prepara- Ichthulin Time —_—"——_ a —s nuclein 
tion N/P min. N% PY N/P N% P% N/P N/P 
I 62-8 45 75:7 31-8 150 24-2 68-2 22-4 10-3 
II 105 40 583 489 125 418 511 88 — 
60 67-8 51-1 139 32-2 48-9 69-2 15-5 
80 73-6 54-0 143 26-4 46-0 60-3 — 
120 77:3 57-7 142 22-7 42-3 56-4 — 
Il 75-0 45 82-1 83-0 74-5 179 170 79-0 8-4 
Batrachiolin 


The preparation of a phosphoprotein from frog’s eggs has been recorded by 
McClendon [1909], who did not, however, investigate its reaction to pepsin. 

The batrachiolin used below was prepared in a different manner from that of 
McClendon, being an adaptation of that used for the ichthulin. 


Several hundred ml. of frog’s eggs were ground up in a mortar with broken glass and some 
5% saline. The resulting thinly viscous product was squeezed through coarse linen in a hand 
press and an equal volume of saline added to the liquor obtained. The crude solution was extracted 
six times with an equal volume of ether, each extraction involving 3 hr. shaking. The saline 
suspension was then precipitated by pouring into 20 vol. of water, with adjustment of the pH to 5. 
The supernatant liquor was syphoned off, the protein redissolved in saline and again precipitated 
in 20 vol. of water. The protein was then washed thoroughly with 75%, 95% then absolute alcohol, 
washed again with ether and dried in vacuo. 


The resulting black powder contained a considerable amount of melanin; 
attempts to remove the latter were not, however, readily successful, and in 
subsequent work its presence was ignored. 


1 g. batrachiolin was ground in a mortar with 1 ml. N NaOH, then 3 ml. N HCl were added 
gradually and the volume made up to 80 ml. Little visible solution occurred. 40 ml. of 2% pepsin 
were added and the mixture incubated at 37-5°. No visible separation of pseudonuclein occurred, 
though digestion certainly took place. The course of digestion was followed by precipitation of 
5 ml. samples with 5 ml. trichloroacetic acid solution in the usual manner. 


The results are given in Table IV. 

There appears at first to be no relationship between the various phospho- 
proteins with regard to their pseudonucleins; there is no evidence of a com- 
ponent common to all. If, however, the N/P ratios of the various fractions are 
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Table IV 
N/P batrachiolin = 28-2 
Acid-soluble Acid-insoluble 
——— 2 scaeatsiastieameiagll eiaiaeieeliiniieasaiialaiaaitiaas _ 
Time N% P% N/P N% P% N/P 
30 min. 82-8 59-7 38-8 17-2 40-3 12-4 
 ... 84-9 64-9 36-8 15-1 35-1 12-1 
lhr. 91-0 73-6 32-9 9-0 22-4 11-3 
aa 91-8 80-6 32-0 8-2 19-4 11-9 
5 93-4 83-6 31-4 6-6 16-4 11-4 


tabulated, one characteristic feature does nevertheless emerge. In Table V are 
set forth some typical results of fractionation of the peptic digests by (a) natural 
separation of the pseudonuclein, (6) precipitation of the digest by trichloroacetic 
acid and (c) fractionation of the separated pseudonuclein by trichloroacetic acid. 


Table V. N/P ratios 


Caseinogen Vitellin Ichthulin Batrachiolin 
Undigested protein 15-2 16-8 99-2 _— 
Pseudonuclein 6-5 4-7 12-8 — 
Supernatant liquor 16-4 63-9 99-2 — 
Undigested protein 19-7* 19-2t 99-2 28-2 
Trichloroacetic ppt. 12-8 6-5 33-1 11-3 
Trichloroacetic filtrate 30-5 46-1 120-0 32-9 
Pseudonuclein 6-5 4-5 — _ 
Trichloroacetic ppt. 5-0 3-8 - = 
Trichloroacetic filtrate 10-4 7-7 — = 
* Stirling & Wishart [1932]. + Blackwood & Wishart [1934]. 


The above results show clearly that fractionation of the digests is invariably 
accompanied by cleavage into products of different, often widely different, N/P 
ratio; and further, that in every case the less soluble material has a lower N/P 
ratio, arising from a relative concentration of P. Viewed from another standpoint, 
it might be suggested that the presence of P increases the resistance of the 
degradation product to digestion by pepsin. 

In order to determine whether the presence of P or phosphoric acid per se was 
responsible for this resistance, we have studied the effect of the introduction of 
further P into caseinogen, and of the phosphorylation of certain other proteins 
such as globulin and albumin. 


Phosphorylated proteins 


Phosphorylation of proteins has been previously accomplished by Neuberg & 
Oertel [1914] and also by Rimington [1927]. We have adopted the method used 
by the latter, viz. phosphorylation with POCI, in carbon tetrachloride of a mildly 
alkaline solution of the protein, the temperature throughout being kept below 
5°, and the product being purified by some six reprecipitations. The method has 
been applied to caseinogen and serum globulin, and also extended to serum 
albumin. 

In each case, the product obtained was more resistant to pepsin than the 
untreated protein. In the case of phosphorylated caseinogen, the time required 
for digestion to the point of paranuclein precipitation was twice as long as 
previously, in a solution containing only half the concentration of protein. 
Paranuclein was, however, produced in quantity comparable with that normally 
obtained, i.e. in some 20% yield. With phosphoglobulin, there was produced a 
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pseudonuclein in roughly 5% yield; with phosphoalbumin, there was a slight 
precipitate, but it was too small in quantity to affect the N and P analyses. 

The results of digestion of these phosphorylated proteins are given in 
Table VI. 


Table VI 
Phosphorylated N/P undigested N/P pseudo- N/P supernatant 
protein protein nuclein liquor 
Caseinogen 71 4-4 10-5 
Globulin 5-2 5-1 4-9 
Albumin 5-9 — 53 


Once more, there occurs with phosphorylated caseinogen a marked fractiona- 
tion into products of widely different N/P ratio; and it is rather striking that the 
N/P ratios of the various fractions bear the same relationship to each other in the 
case of the phosphorylated product as they do with the natural protein. With 
phosphorylated globulin and albumin, however, there is no such fractionation, 
the N/P ratios for all fractions being within experimental error. 


Discussion 


The precipitation of pseudonuclein on digestion of almost all phospho- 
proteins suggests that there must be some common reason for this phenomenon. 
Examination, however, of the various individual pseudonucleins does not dis- 
close the existence of any common component. On the contrary, the various 
pseudonucleins have each a characteristic N/P ratio; and on fractionation yield 
products apparently different in each case. 

The one feature common to peptic digestion of all the natural phospho- 
proteins is the appearance of cleavage products of different N/P ratios. As has 
been already pointed out by Wishart and co-workers, this necessitates the 
assumption that P is unevenly distributed throughout the molecule. This 
uneven distribution may be the result of (a) the uneven distribution of certain 
hydroxyamino-acids to which the P is attached, or (6) the preferential attach- 
ment by the maternal organism of phosphoric acid to certain particular regions 
of the molecule, or both. In either case, the presence in the molecule of further 
groups to which P may be attached is shown by the capacity of caseinogen to 
take up as much P again as it already contains. 

Although a discussion on the actual nature of the attachment of phosphoric 
acid is hardly relevant here, it may be remarked that the newly phosphorylated 
proteins, like the natural phosphoproteins, are stable to acid and unstable to 
alkali, and it may be assumed that the phosphoric acid introduced by POCI, has 
been attached again to hydroxy-groups, not to nitrogen. The artificial introduc- 
tion of P by means of POCI, differs, however, from that effected naturally in the 
even distribution of the P. When we digest phosphorylated caseinogen with 
pepsin, we find that the N/P ratios of all fractions have been equally reduced; 
but since the new P is superimposed on a previous uneven distribution, fractiona- 
tion into products of different N/P ratios still occurs. With globulin and albumin, 
the newly introduced P is not superimposed on any uneven distribution, the 
digestibility of all parts is equally reduced, and there is little tendency for 
pseudonuclein formation. 

Examination of the different cleavage products referred to above shows, 
however, that the less soluble fractions contain a higher proportion of P. This 
would suggest that the presence of P is inhibitory to pepsin activity; and this is 
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directly confirmed by the much slower rate of digestion of proteins to which 
more P has been added. 

Considered from this standpoint, the initial separation of pseudonuclein, and 
the fact that it is composed of several components, no longer seems such a 
mystifying phenomenon. It would appear that pseudonuclein is essentially an 
accumulation of those products of digestion of a phosphoprotein which contain 
a high proportion of P and are thereby rendered resistant to peptic attack. The 
various component substances are presumably held together in loose combination, 
and precipitate together for reasons not yet understood, but probably connected 
with the insolubility of a highly polar complex in the acid digestion medium. 


SUMMARY 


Several different phosphoproteins, caseinogen, vitellin, ichthulin and batra- 
chiolin (from frog’s eggs), were digested with pepsin; the products were fraction- 
ated by (a) separation of the precipitated pseudonuclein, in the case of caseinogen 
and vitellin, and (b) trichloroacetic acid precipitation, with all four proteins. 
In every instance, digestion was accompanied by the appearance of cleavage 
products of different N/P ratios, with a higher concentration of P in the less 
soluble fractions. That the presence of P was responsible for the resistance to 
pepsin was confirmed by experiments with proteins phosphorylated with POCI,. 

The results suggest that pseudonuclein is a loosely bound mixture of those 
products of digestion which contain a high concentration of P and are resistant 
to peptic attack. 


I wish to record my gratitude to Prof. Wishart for his helpful encouragement 
and advice during this investigation. The work was carried out during the tenure 
of the Barbour Scholarship of Glasgow University. 
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CLXXXIV. THE NATURE OF PARANUCLEIN 


III. THE INTERRELATIONSHIP OF ITS 
COMPONENT FRACTIONS 


By JEAN DOUGLAS HERD 
From the Institute of Physiology, Glasgow University 


(Received 9 July 1937) 


In two previous communications [Herd, 1936; 1937] have been recorded the 
results of investigation of the pseudonucleins which precipitate when phospho- 
proteins are digested with pepsin. These materials have been shown to be not 
single substances, but mixtures of at least two fractions, only one of which is 
soluble in trichloroacetic acid. No adequate explanation could be offered, how- 
ever, as to why certain of the protein degradation products should combine and 
precipitate in this manner. As a means of investigating this problem, it was 
decided to study the interrelationship of the component fractions under different 
conditions of digestion and with protein precipitants other than trichloroacetic 
acid. 

It was stated by the early workers, chiefly Salkowski [1899], that it is 
possible to vary the amount of paranuclein produced on digestion of caseinogen 
by varying (a) the relative concentrations of enzyme and substrate, and (b) the 


temperature of reaction. In each case, the amount of paranuclein formed was 
increased as the rate of digestion was decreased. Experiments were accordingly 
undertaken to determine whether this variation might have some effect on the 
composition of the paranuclein formed. 


Digestion of caseinogen at different pH values 


Three experiments were carried out in which portions of a caseinogen solution 
were digested at five different pH values. The paranucleins formed were 
centrifuged off, washed and analysed for N and P; they were also examined 
with regard to their behaviour to trichloroacetic acid. N and P are expressed 
throughout as % of the totals present. 

The concentration of caseinogen (Merck, nach Hammarsten) in the final digest 
liquor was 2%, that of pepsin (B.D.H.) was 0-4%. ; 

In each case, digestion was continued to the point of flocculation of the 
precipitating paranuclein. This criterion, quite satisfactory below pH 2-5, was 
somewhat arbitrary at pH 3 and 4, since at these values the original caseinogen 
was not fully in solution, and one suspension was thus merely replacing another. 
The results, however, indicate that the paranuclein obtained was in reality 
paranuclein, not undigested caseinogen. 

The results are shown in Table I. For the sake of comparison, the three 
experiments are grouped together; the top line of each group represents Exp. 1, 
the second Exp. 2, the bottom line Exp. 3. 

The results of analysis of the paranucleins obtained are detailed in Table IT; 
a weakly alkaline solution of each paranuclein was prepared and an aliquot 
portion precipitated with trichloroacetic acid. 
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Table I 
N/P caseinogens = 15-2, 14-6, 15-2, respectively 


Paranuclein (indirect) 





\ ¢ 








pH N% P% N/P N% P% N/P 
1 22-2 36-7 8-4 77-8 63-3 19-0 
17-4 32-1 7-9 82-6 67-9 17-6 

20-5 25-6 12-8 79-5 74-4 16-5 

2 15-1 29-9 7-6 84-9 70-1 18-4 
15:3 26-1 8-5 84-7 73-9 16-8 

12-0 22-5 8-1 88-0 17-5 17-3 

2-5 13°8 27-6 7-6 86-2 72-4 18-0 
14-1 23-8 8-6 85-9 76-2 16-4 

19-8 27-9 10-8 80-2 72-1 16-9 

3 24-2 38-2 9-6 75-8 61-8 18-6 
29-0 40-4 10-5 79-1 59-6 17-4 

32-7 39-7 12-5 67:3 60-3 17-0 

4 49-8 59-0 13-1 50-2 41-0 18-6 
40-6 48-1 12-3 59-4 51-9 16-7 

51-8 71:3 11-1 48-2 28-7 25-6 

Table IT 
Paranuclein Acid-soluble fraction Acid-insoluble fraction 
(direct) ; A, —-----S4" 
pH N/P N% Po. N/P N% P% N/P 

1 7-3 37-9 23-6 11-6 62-1 76-4 5-9 
8-2 48-9 34-0 10-4 51-1 66-0 5-6 

8-3 58-2 35-2 13-7 41-8 64-8 5-3 

2 6-8 49-5 32-3 9-8 50-5 67-7 5-2 
75 48-8 30-8 11-9 51-2 69-2 5-6 

8-4 56-4 34:8 13-6 43-6 65-2 5-6 

2°5 6-2 37-5 26-5 8-7 62-5 73-5 5-2 
6-5 44-5 27-5 10-4 55-5 72-5 5-0 

7-6 48-2 29-1 12-6 51-8 70-9 5-6 

3 6-5 36-1 24-2 8-6 63-9 75:8 5-6 
8-6 35-9 29-4 10-5 64-1 70-6 78 

8-5 44-9 31-0 12-1 55-5 69-0 6-8 

4 8-8 24-2 18-5 11-6 75:8 81-5 8-2 
9-1 30-5 26-4 10-4 69-5 31-5 8-1 
9-5 28-1 24-2 11-1 71-9 75-8 9-0 


It will be seen from Table I that there is a striking increase in the amount of 
paranuclein produced when the pH diverges from the optimum for digestion, 
particularly at pH 4, and that the increase in amount of paranuclein produced is 
associated in general with a rise in N/P ratio. That this increase in quantity is 
not due to adsorbed, undigested caseinogen is shown by the analyses of the 
paranucleins, since the acid-insoluble fractions (in which caseinogen would be 
found) have a fairly low constant value throughout. 


Digestion of caseinogen at different temperatures 


An experiment was also undertaken to determine the effect of digesting 
caseinogen at different temperatures. Three portions of a caseinogen-pepsin 
digest mixture were incubated at 21°, 37-5° and 55° respectively, and the para- 
nucleins centrifuged off after flocculation for analysis in the usual manner. The 
results are shown in Tables III and IV. 
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Table IIT 
N/P caseinogen = 16-8 
Paranuclein (indirect) Supernatant liquor 
Temp. ooo —— ee 
°C. N% r% N/P N% P% N/P 
21 12-4 40-3 5-2 87-6 59-7 24-6 
37-5 10-8 35-4 5-1 89-2 64-6 23-2 
55 9-9 27-7 6-0 90-1 72-3 21-2 
Table IV 
Paranuclein Acid-soluble fraction Acid-insoluble fraction 
Temp. (direct) —— — Sn 
ar N/P N% P% N/P N% P% N/P 
21 8-5 63-2 40-8 13-2 36-8 59-2 5-3 
37-5 7-7 59-0 35-5 12-9 41-0 64-5 4-9 
55 7:3 48-3 34-9 10-3 51-7 65-1 5-7 


It will be seen from the above results that the quantity of paranuclein which 
precipitates is but slightly affected by the temperature of digestion, contrary to 
the statements of Salkowski. As with the results obtained by digestion at 
different pH values, the N/P ratios of the paranucleins formed appear to be 
slightly higher the greater the total quantity precipitating. 


The fractionation of paranuclein by tannic and phosphotungstic acids 


The use of trichloroacetic acid discloses the existence in paranuclein of a 
fraction soluble in this acid, containing some 40 % of the total N and 30 % of the 
total P. Table V shows comparative results obtained with tannic and phospho- 
tungstic acids as precipitants. 





Table V 
Trichloroacetic Phosphotungstic 
Para- acid-soluble Tannic acid-soluble acid-soluble 
nuclein on (a — A, 
N/P No, Py, N/P N% PY N/P N% P% N/P 
7-4 48-1 30-5 11-7 43-2 31:3 10-1 14-8 — — 


Tannic acid is thus clearly similar in action to trichloroacetic acid; with 
phosphotungstic acid, unfortunately, no P estimations can be made, but the N 
estimation shows clearly that its effect is different from those of the others, since 
it is capable of precipitating 85% of the paranuclein N. 

These results suggest that the soluble portion of paranuclein is not itself an 
individual. 

Discussion 

Although the results obtained confirm the original suggestion that alteration 
of the conditions of digestion causes an alteration in the relationship of the 
component fractions of paranuclein, they indicate definitely that there is no one 
constant fraction. It appears, rather, that the material may differ in composition 
without change in appearance. A certain constancy is obtained for the N/P 
ratio of the acid-insoluble fraction of the paranuclein, if the values for pH 4 be 
excepted, but the absolute amounts formed show considerable variation. Thus, 
correlating the °% acid-insoluble N in the paranuclein with the %N from 
caseinogen precipitated in the paranuclein as a whole, we find for the first of the 
three experiments that the amount of caseinogen N in the acid-insoluble portion 
may vary from 62-1% of 22-2%=13-8% at pH 1, to 505% of 15:1%=7:6% 
at pH 2, and 63-9% of 24-2% =16-5% at pH 3. 


— 
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It may be asked, however, what the factor is which is responsible for the 
loose combination of certain digestion products to form an insoluble product. 
To this no answer can as yet be given. It may be suggested that since the 
products which precipitate are all highly polar, they are united in a loose salt-like 
combination; and that the precipitation of this complex i is a question simply of 
the physical conditions. In support of this, reference may be made to the 
observation by v. Moraczewski [1895] that in presence of ovalbumin, the amount 
of paranuclein which precipitates is increased; the author [Herd, 1936] has 
found that the fraction of paranuclein which is soluble in trichloroacetic acid is 
reduced from 40 to 20% in the presence of a high crude pepsin concentration, 
the latter acting presumably as a protein. 


SUMMARY 


Alterations in the conditions of digestion of caseinogen may cause a con- 
siderable variation in the total amount of paranuclein produced, the quantity 
being greatly increased by digestion at a pH away from the optimum for 
digestion. Alteration of temperature has, however, little effect. There is no 
evidence of any one constant fraction. 


To Prof. Wishart I wish to express my grateful thanks for his unfailing 
interest and encouragement. This work was performed during the tenure of the 
Barbour Scholarship of Glasgow University. 
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CLXXXV. VITAMIN P. II 


By SYLVESTER SOLOMON ZILVA 
From the Division of Nutrition, Lister Institute, London 


(Received 22 July 1937) 


IN a recent investigation [Zilva, 1937] it was found that a daily dose of 1 mg. of 
‘‘citrin” or hesperidin etc. administered to guinea-pigs on a scorbutic diet did 
not, as claimed by Szent-Gyérgy and his colleagues, prolong their life in con- 
sequence of the “vitamin P”’ activity regulating the vascular permeability 
[Armentano et al. 1936; Bentsath et al. 1937]. 

Since the above communication was sent to the press a contribution has 
appeared by Bentsath & Das [1937] in which it is further stated that only 
animals receiving a satisfactory diet previous to the test respond to “vitamin P”’ 
activity. Thus, guinea-pigs maintained during a preliminary period of 10 days 
on dried clover moistened with water, died on the average 7 days after being 
placed on a scorbutic diet, whether or not they received ‘“‘vitamin P”. If, 
however, daily doses of 10 mg. of ascorbic acid and 0-5 ml. of cod liver oil were 
offered in addition to the above diet during this preliminary period, the life of 
the guinea-pigs on the scorbutic diet was prolonged by administering “‘ vitamin 
P” daily. Similar results were obtained if the animals received a diet of oats 
and fresh cabbage ad lib. during the preliminary period. 

In the communication mentioned above the present writer did not give 
details of the preliminary treatment of the experimental animals since it was 
assumed that the good growth made by the guinea-pigs during the first 20 days 
or so was a sufficient indication of the satisfactory nature of their preliminary 
nutrition and management. In view of the discrepancy between the results 
obtained by Szent-Gyérgy and his colleagues and those obtained by the writer, 
and in view of the assertion now made by Bentsdth & Das concerning the 
importance of the pre-experimental condition of the test animals, it is considered 
advisable to add the details bearing on this side of the problem. 

The guinea-pigs used belonged to a well-tried, vigorous stock, bred at the 
Lister Institute. They were kept on a diet of oats, bran and fresh cabbage ad lib. 
in a spacious, clean pen and were vaccinated with a mixture of Salmonella 
enteritidis (Gaertner) and S. typhi murium (Aertrycke). The animals were weighed 
about twice a week and only those showing very good growth were utilized for 
testing purposes. The guinea-pigs consumed daily on the average 20-30 g. of 
the basal scorbutic diet and about 60 ml. of autoclaved milk made up from a 
dried powder during the first 14 days of the experiment. This ready consumption 
of the basal diet and the considerable gain in weight of the guinea-pigs during 
the early period on the scorbutic diet afford further evidence of their good con- 
dition. It may also be added that, as judged from the post-mortem examinations, 
in no instance was the development of scurvy complicated by intercurrent 
disease. It is, therefore, plain that the negative results obtained by the writer 
cannot be traced to the unsatisfactory state of the experimental animals em- 
ployed and the explanation must be sought in another direction. 
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CLXXXVI. A SEMI-SYNTHETIC DIET 
FOR HELIX POMATIA 


By NIELD HAWKINS HOWES 
(WITH ASSISTANCE FROM R. B. WHELLOCK) 


From the Department of Zoology and Comparative Anatomy, University 
College, London 


(Received 12 July 1937) 


In the course of some preliminary experiments on the calcium metabolism of the 
edible snail, it became clear that with an animal of this size, and one which 
contained little blood, many of the problems arising would have to be approached 
indirectly. One particular investigation necessitated the control of the quantity 
and nature of the salts of Ca and P eaten by the animal. This would be impossible 
if the animals were given, for example, cabbage, where the Ca content is known 
to be very variable, even in the same cabbage [Cowell, 1932]. The only way was 
to try to make a suitable synthetic diet. Such a diet has been successfully pre- 
pared and is described in this paper. 


Materials and methods 


(a) Animals. The animals used in all experiments were reared in the depart- 
ment. When about to lay, H. pomatia excavates a hole, about 10 cm. deep, in the 
soil and later deposits its eggs at the bottom. The site of each clutch of eggs 
was marked by putting a numbered piece of chalk over the hole. If the eggs 
were left undisturbed, a day or two after hatching the young snails left the bottom 
of the hole and formed a cluster on the underside of the chalk. Animals then 
taken for experiment had a very low mortality indeed, and were the “newly 
hatched” snails used in all later work. 

During the experiments, each batch of animals was confined in a cylinder of 
perforated zinc, 6 in. in diameter and 5 in. high, standing on one glass plate and 
closed by another, as described by Howes & Wells [1934]. These cages were 
kept in a large box, the temperature of which was maintained between 18° and 
20°. A constant stream of water dripped on to the heating elements so that there 
was continual condensation on the sides of the box. The air was stirred by a fan 
and readings of wet and dry bulb thermometers were usually identical; it is 
therefore assumed that the air in the box was very nearly saturated with water 
vapour. 

Animals spent roughly 1 hr. in 24 at room temperature and humidity, while 
they were weighed; they were then transferred to clean cages, given fresh food 
and water and replaced in the box. Each snail was marked by a number painted 
on its shell and every animal was weighed individually. 

(b) Diet. As food for the control animals and also as a basis for the calculation 
of the synthetic diet described later, the following mixture was used: 


Fine oatmeal... oa 5 parts | 
Precipitated chalk ... 2 parts- Sprinkled on fresh cabbage 
Ostermilk (dried milk) 1 part |) 
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This is a modification of the diet described for terrestrial pulmonates by Oldham 
[1934] and was recommended by Prof. R. A. Fisher. Any dried milk may be used. 
The synthetic diet was calculated on the assumption that snails eat two parts 
of cabbage to eight parts of the powder, and accordingly was prepared with the 
following composition: 
Basal diet 


_ 


Protein (Glaxo ‘‘ Ashless’’ Casein) 
Glucose (Analar) 

Lactose (Analar) 

Starch (potato) 

Dried yeast 

Cystine 

CaCO, (precip. opt., light) 20- 
Salt mixture e 


ae et et OS 
RPHOQwOog ~’ 


or 


om 


% 
© 


Fat and other substances were added to this before feeding it to the animals. 
The proportions of these constituents were determined from the results of 
analyses of oatmeal, dried milk and cabbage given by K6nig [1903], Leach [1920], 
Heineman [1921] and Sherman [1932]. 

The salt mixture was derived from the analyses of ash constituents given by 
the above authors, excepting that the figures for iron, manganese and copper 
were taken from Lindow et al. [1929]. The salts chosen were taken from 
Mottram’s modification of Hopkins’s salt mixture used by Hartwell [1922] and as 
far as possible salts of a.R. purity were used. Where reagents of this standard 
were unobtainable, ‘‘pure”’ salts were employed. 

In deriving the salt mixture from the ash analyses, the following adjustments 
were made: (a) since part of the P and § in the ash would be derived from protein, 
an amount of these elements was deducted from the salt mixture equivalent to 
that in the protein given: (b) since no figures were available for aluminium, this 
element was included arbitrarily; (c) silica was omitted since it could not be 
included as a soluble salt; (d) copper was increased arbitrarily to ensure an 
adequate supply, since snails have the respiratory pigment, haemocyanin, 
which contains copper, in their blood. The composition of the salt mixture used 
was: 

g- 

MgSO, (anhydr.) 41-88 

»HPO, 77-78 
NaCl 13-96 
NaH,PO,, HO 11-55 
CaH,(PO,),, H,O 52-60 
Fe(C,H,0,), 15H,O 1-44 
CuSO,, 5H,0 0-717 


Al,(SO,),.K,80,, 24H,O 0-025 
KI 0-014 


Mn(Cl,, 4H,0 0-022 
re 


0-00027 
Total 199-98 


Na 


Traces of zinc were available for the experimental animals, since the cages 
were made of this material. 

Calculation of the vitamin content of the control diet and hence of the 
quantities required for the synthetic diet was extremely difficult. Cod liver oil 
was given in excess of the theoretical value for vitamin A as obtained from the 
figures of Sherman [1932] and yeast in excess of the figures for vitamin B, in 
cabbage. The quantity of lemon juice was arbitrary. 
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The proportion of fat in the diet was calculated in the same way as that of the 
other constituents but while sufficient of the basal diet was made to last several 
months, fat was added immediately before giving the food to the snails. Thrice- 
clarified butter and cod liver oil were the fats used. The cod liver oil and dried 
yeast were obtained from the Glaxo Research laboratory. The oil contained 


per g. 







Vitamin A, 0-050 % (c.p. blue value 30) 
Vitamin D, 270 international units. 








The cholesterol was the ordinary commercial product obtained from British 
Drug Houses and, since it was not especially purified, may have contained 
impurities of dietetic importance to snails. 

Whatman No. 44 filter-paper, chosen for its low ash content, was used both as 
a plate on which to give the diet and as a source of cellulose. The animals usually 
ate some of it. 

The “leaf extract” referred to later was an acetone extract of dried stinging 
nettle leaves. The first stages in the preparation followed the preliminary steps 
in the preparation of chlorophyll described by Willstatter & Stoll [1913, p. 133}. 
500 g. of dried nettle leaves were placed in a Biichner funnel, sucked tight while 
still dry and then extracted with 1-61. of 80% by vol. acetone for 30 min. A 
dark green fluorescent solution was thus obtained. The 80 % acetone was removed 
by evaporating the extract to dryness at 37° under reduced pressure in a stream 
of nitrogen. A tarry dark green mass mixed with flakes of a yellow to orange 
waxy material resulted. This was mixed up together and weighed out as required. 
It was stored in an exhausted desiccator from which the residual air was washed 
out with nitrogen and was kept in the dark. 

In preparing the food for the animals, sufficient of the basal diet for 2 days 
was weighed out, together with additional substances necessary and the whole 
mixed to a thick paste with distilled water. Half of this was given to the 
appropriate batch of animals on the day of preparation and the remainder 
stored in covered vessels in a refrigerator overnight and used on the following 
morning. Thus new food was given each day. It was placed on Whatman No. 44 
filter-paper and a small vessel of clean distilled water for drinking was also pro- 
vided. Each batch of animals was invariably supplied with more food than it 
could eat. The consistency of a diet very much influences the avidity with which 
snails will eat it. The animals avoid thin pastes but, while preferring dry 
powders, will eat thick pastes. Throughout these experiments care was taken to 
be sure that the snails were actually eating the food supplied and observations on 
the number and nature of the faeces were made and recorded at each weighing. 
This is of considerable importance, owing to the tendency of H. pomatia to 
aestivate when environmental conditions are unfavourable. 

(c) Experiments. Preliminary experiments were made upon yearling snails. 
These were taken while still hibernating, the epiphragm was removed, they were 
then weighed and divided into batches of eight. Individuals were allocated in 
such a way that, as far as possible, each batch contained a series of animals of 
similar weights. The batches were kept in the thermostat in cages of the type 
described. They were weighed daily and given fresh food and water and clean 
glass plates. In all experiments described in detail “‘newly hatched” snails were 
used. These were treated in the same manner as the yearlings. In the preliminary 
experiments, the basal diet was given with the addition of cod liver oil and lemon 
juice. Controls were fed with the oatmeal-Ostermilk-chalk mixture on cabbage 
and another set on a protein-free diet. 
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It was clear that animals fed on the first diet, which was theoretically com- 
plete as far as was known, actually grew very little better than those on a protein- 
free diet, and indeed stopped growing altogether after 6 weeks. The milk- 
mixture controls, on the other hand, grew steadily. The first diet was manifestly 
incomplete. The work of Hobson [1935] suggested one possible missing factor, 
namely cholesterol which appears to be an essential constituent of any diet 
adequate for growth in insects. Further, it was felt that there might be some 
factor present in green leaves, e.g. chlorophyll or even carotene as a substitute for 
vitamin A, which was necessary. Accordingly, experiments were planned as 
follows: 
Table I. Experiments on ‘‘newly hatched”’ snail chicks 

(1) Controls (26). Diet: oatmeal, 5 parts; precipitated chalk, 2 parts; Ostermilk, 1 part— 
Sprinkled on fresh cabbage. Tapwater to drink. 

(2) Synthetic diets. Diet: basal diet, 1 g.; fat, 0-07 g.; lemon juice, 1 drop; water, 0-3 ml.— 
Spread on Whatman No. 44 paper. Distilled water to drink. 

The following additions or subtractions were made: 

Cod liver oil, 
vitamin A 
36y and 
Cholesterol, vitamin D 


Leaf extract, equivalent 19 units No. of 

No. of 13 mg. perg. t00-2% rg. Lemon animals 

exp. basal diet basal diet basal diet Yeast juice in exp. 
IIIb ; : - f re 8 
IIc ~ + . + + 10 
IIIc ; + + + + 10 
Ib ~ + ~ 8 
VIIb, Xb + + . + e 16 
Vb, IXb + + + + + 16 
XIb + + - . + 8 


(d) Method of expression of results. Growing snails undergo the continual 
fluctuations in water content described in adult animals by Howes & Wells [1934] 
and the amplitude of these fluctuations is even greater than in adult animals. 
It is therefore impossible to show the daily weights of several animals together on 
a single graph with any degree of clarity. Weekly weighings would be equally 
difficult of interpretation, since any given day of the week may fall irregularly on 
a point of maximum or minimum hydration or intermediately. The arithmetic 
mean of each week’s weighings has therefore been chosen for comparison between 
the rates of growth of animals given different diets and is represented by a single 
point in all figures. 

Young snails show very different rates of growth under apparently identical 
treatments. This is shown in Fig. 1, Controls, which represents the growth of a 
single batch of eight control animals. Hence, apart from its catholic tastes in 
foods, H. pomatia is by no means an ideal subject for dietetic studies and it is 
difficult to obtain absolutely clear-cut results. For this reason the following 
points have been taken into consideration as criteria of an adequate synthetic diet: 

(a) there must be few deaths not attributable to causes outside the experi- 
mental treatment; 

(6) growth must continue steadily and a single animal must not remain 
stationary in weight for more than three consecutive weeks; 

(c) there must be no definite falling-off in the rate of growth between the 
4th and 7th weeks, which seems to be a critical period; 

(d) at least two out of eight animals should grow more rapidly than the 
majority of the controls. 
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RESULTS » 


(a) Comparison between growths of experimental and stock animals. It was 
important to see whether animals kept under experimental conditions grew as 
rapidly as the stock kept under approximately normal conditions. Accordingly, 
in May 1935 the stock cages were searched and the eight largest out of 160 young 
hibernating snails hatched in 1934 were selected and weighed, after their 
epiphragms had been removed. In October 1935, cages were again searched and 
the eight largest out of over 200 young active snails hatched in July 1935 were 
removed and weighed. The weights so obtained, in descending order of magni- 
tude, are given in columns 1 and 2 of Table II. For comparison, the weights of 
the eight largest of all the experimental animals are given in column 3, while 
column 4 indicates the experiments from which these animals were taken. 


Table II. Comparison between weights of experimental and stock animals 
1934 stock 


hibernating wt. Experimental 
without epiphragm 1935 stock, wt. on animals, mean wt. Experiments from 
2 May 1935 9 Oct. 1935 for week 7-12 Oct. which animals 
g. g. g. were taken 
0-962 0-650 1-491 Control 
0-845 0-631 1-239 Control 
0-793 0-600 1-085 Ill ec 
0-774 0-582 0-999 VIL 6b 
0-714 0-577 0-974 Iile 
0-684 0-547 0-959 Control 
0-670 0-505 0-922 Control 
0-660 0-428 0-709 VILb 


(6) Survival of animals given different diets. The mortality of animals given 
different foods is not a very good criterion of the completeness or otherwise, of a 
diet, since, generally speaking, young snails can live for a very long time with- 
out growing. Such a result follows quantitative vitamin deficiencies, although 
complete absence of vitamin A and/or vitamin D usually causes death well 
within 16 weeks. On the other hand, rapidly growing snails, even on a control 
diet, appear to be slightly less viable than animals not growing at all. This is 
illustrated in Table IIT. 


Table III. Survival of animals on different diets 
No. of No. which 


animals at survived 
beginning _ till end 


Diet of exp. of exp. Notes 
Control 26 24 _ 
Basal + cod liver oil + cholesterol 10 8 1 died 15th week, 1 died 16th week 
Basal + cod liver oil 8 8 -— 
Basal + leaf extract + cholesterol 16 14 1 died 12th week, 1 died 16th week 
Basal + leaf extract 8 7 1 died 16th week 
Basal + cholesterol 10 ] 1 lived to 14th week, 1 lived to 12th 
week, 2 lived to 10th week 
Basal diet without yeast + cod 8 8 — 


liver oil + cholesterol 


(c) Effects of the different diets on growth. The experiments were made in two 
groups and the results are illustrated in Figs. 1 and 2, each group with its set of 
controls. Of the batches of snails on different diets only two showed a growth 
rate in any way comparable with that of the controls. The diets in these cases 
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consisted of the complete basal diet to which cholesterol had been added, to- 
gether with either leaf extract or cod liver oil. 

The addition of leaf extract alone allowed of slight growth, which was in- 
creased towards the end of the experiment when the diet was supplemented with 
cholesterol. There was scarcely any growth when cod liver oil was added to the 
basal diet and the addition of cholesterol alone allowed of slight initial growth, 
but the majority of animals died before the end of the experiment. The removal 
of dried yeast from the basal diet very considerably suppressed growth, but the 
animals recovered when it was returned to the diet. 


DIscussIon 


The interpretation of the results is made difficult by three important facts. 

(1) The cholesterol used had not been carefully purified and may well have 
contained impurities which would form a source of vitamin D for the snail. 

(2) The leaf extract, while probably free from vitamins A and D, since these 
rarely, if ever, occur in the living plant [Bills, 1936] certainly contained plant 
sterols which may have a vitamin-like action for snails. It certainly contained 
carotene (provitamin A). 

(3) Cod liver oil usually contains approximately 500 mg./100 ml. cholesterol. 
Thus the animals given cod liver oil alone obtained about 0-025 mg. of cholesterol, 
while those given cod liver oil plus cholesterol received 2-025 mg., respectively, 
per g. of basal diet. 

Thus, in the cases where the basal diet, which contained dried yeast and to 
which lemon juice was added, was given with or without the addition, together 
or singly, of cod liver oil, cholesterol and leaf extract, the main differences in 
treatment may be summarized as follows: 


Added to basal diet 
Cod liver oil alone Vitamins A and D plus trace of cholesterol 


Cholesterol alone Possible trace of vitamin D different from that in cod liver 
oil, plus cholesterol 


Cod liver oil plus cholesterol _ Vitamins A and D from cod liver oil. Possible second 
vitamin D from cholesterol, plus cholesterol 


Leaf extract alone Carotene plus plant sterols 


Leaf extract plus cholesterol Carotene plus plant sterols plus cholesterol plus possible 
trace of vitamin D 


From these results it appears that snails require vitamin A for growth. This 
is available to the animals whether supplied as the vitamin itself or as the pro- 
vitamin carotene. 

The position with regard to vitamin D is not clear since it is confused with 
the possibility of there being a need for cholesterol as well. In relation to these 
two substances the results have to be interpreted in the light of three alternative 
possibilities: 

(a) the animals require cholesterol in a concentration of the order of 0-2% 
of their food, a concentration of 0-0025°% being below the threshold value; 

(6) the vitamin D of cod liver oil cannot be used by the snail, but another 
vitamin D present as an impurity in the cholesterol is essential for growth; this 
may be present as a provitamin; 

(c) that both cholesterol and a vitamin D-like impurity in the cholesterol 
are essential for growth. 

A comparison between Exp. II b, Fig. 1 and the exps. in Fig. 2 suggests 
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that cholesterol may be the factor concerned, since some growth takes place 
when leaf extract alone is added to the basal diet. This result may be compared 
with those of Hobson [1935] with Lucilia sericata, in which he showed that while 
cholesterol was the chief oil-soluble growth factor for the blow-fly, ergosterol 
and sitosterol also promoted growth, but were less active than cholesterol. 

At this point it is of interest to enquire as to what sterols are likely to be 
available for Helix pomatia under natural conditions, but unfortunately there 
appears to be no literature whatsoever on the natural food of this snail. I am 
indebted to Prof. A. E. Boycott for the following information personally com- 
municated to me. Prof. Boycott watched active colonies of H. pomatia in Surrey 
and Hertfordshire. When he has observed them feeding, they have always been 
on decayed leaves and stalks on the ground, with one exception, which occasionally 
fed on a plant of burdock. It is likely, therefore, that the snails would eat fungi 
with decaying plant matter, thus obtaining ergosterol which is characteristically 
found in fungi. 

In view of this, it is impossible to come to any decision with regard to the 
vitamin D and cholesterol requirements of the snail, especially since the 
cholesterol used may have contained ergosterol, until further experiments are 
made with purified sterols. 

That at least one factor of the vitamin B complex is necessary for growth in 
snails, is suggested by Exp. XI 8, Fig. 1. 

There is conclusive evidence that chlorophyll is not an essential constituent 
in the diet of H. pomatia (Exp. III c, Fig. 2). 

Up to the present, dietetic experiments have largely been confined to animals 
in three different phyla, namely Chordata (almost exclusively on mammals), 
Arthopoda, Class Insecta and, in this present case, a Gastropod Mollusc; a brief 
comparison of results with regard to vitamin requirements is of interest. 
H. pomatia appears to resemble mammals more closely than insects in its 
vitamin requirements, in that it needs vitamin A, while insects do not. All three 
groups seem to require several factors of the vitamin B complex [Hobson, 1933, 
1935; van’t Hoog, 1935; Frost et al. 1936]. If snails do require cholesterol, then 
they resemble insects rather than mammals in being unable to synthesize this 
sterol themselves. 

Finally, unlike the majority of insects, H. pomatia appears to be free from 
symbionts which synthesize and make available vitamins of the B complex. 


SUMMARY 


1. A technique by which the dietetics of H. pomatia can be investigated is 
described. By this technique young animals may be used in experiments soon 
after they have hatched. 

2. The details of a semi-synthetic diet consisting of purified casein, pure 
carbohydrates and an artificial salt mixture are given. With the addition of leaf 
extract or cod liver oil and commercial cholesterol, growth very nearly as rapid 
as that of control animals was obtained. 

3. Snails require vitamin A or the provitamin, carotene. 

4. Snails require some or all of the constituents of the vitamin B complex. 

5. The requirements of snails in regard to cholesterol and vitamin D are not 
clear. 

6. Snails do not require chlorophyll. 

7. There is no evidence of the presence of symbionts of dietetic importance 


in the alimentary canal of the snail. 
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Ir is now generally recognized that the liver fats of mammals normally include 
phosphatides, glycerides and free fatty acids, together with minor proportions 
of free cholesterol and cholesteryl esters. Apart from an investigation of ox liver 
lipoids by Klenk & Schoenebeck [1932] and the recent studies of Channon et al. 
[1937] on the deposition of fat in the liver and carcass of rat, however, quantita- 
tive data for the component fatty acids of the phosphatide and glyceride 
constituents are lacking. Other investigators have confined themselves to a 
study of total liver fatty acids [e.g. Irving & Smith, 1935] or to the identification 
of fatty acids in purified lecithin [e.g. Levene & Simms, 1921; 1922]. In this 
connexion may be mentioned also the earlier work of Hartley [1909], who 
detected in the phosphatide fatty acids of pig liver, palmitic, stearic, linoleic 
and an isomeric (A!2:!3 octadecenoic) oleic acid, the existence of which later 
workers failed to prove either in pig liver [Channon et al. 1934] or in sheep liver 
fatty acids which were qualitatively examined by Turner [1930]. 

Until quite recently, the known fatty acids of phosphatides included palmitic, 
stearic, C,, unsaturated acids and arachidonic acid.1 By applying the method of 
ester fractionation to the study of animal phosphatides, however, Klenk and 
co-workers [1930 et seq.] have indicated, in addition to myristic, palmitic and 
stearic acids, C,,, Cy, Cys, Cop and C,. unsaturated acids with 2-6 double bonds, 
affording a range and complexity of acids equalled, perhaps, only in the case of 
aquatic fats. 

Leathes [1909] expressed the view that a function of the liver was to 
desaturate depot and food fats for subsequent oxidation in other tissues. Many 
workers have since studied this problem, relying solely upon mean mol. wt. and 
1.v. determinations of the respective depot and liver fats for the interpretation 
of results. Some workers have even based arguments on the 1.v. of the total liver 
fatty acids regardless of their origin as phosphatide or glyceride. Klenk & 
Schoenebeck [1932] have drawn attention to the inadequacy of a simple de- 
saturation hypothesis; for although liver glyceride somewhat resembles depot 
fat as regards the proportions of major component fatty acids, the higher 1.v. of 
the liver fatty acids is due almost entirely to the presence of C.) and C,, highly 
unsaturated acids. These are certainly not the result of desaturation of food and 
depot fatty acids which belong almost exclusively to the C,, and the C,, series. 
These investigators have also shown that as compared with the corresponding 
liver glycerides, the phosphatides contain greater proportions of stearic as well as 
of C,) and C,, highly unsaturated acids. 

The object of this investigation has been to determine the composition of 
the component fatty acids present as glycerides and phosphatides respectively, 
in the livers of the ox, cow, pig and sheep and to compare the data thus obtained 

1 For a full bibliography, see MacLean & MacLean [1927]. 
( 1499 ) 
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with those available for the corresponding depot fats. A detailed study of this 
nature, it was hoped, would contribute towards the elucidation of the complex 
problem of animal-fat metabolism. 

The experimental material was supplied through the courtesy of Messrs R. 
and W. Hellaby, Ltd., Auckland, New Zealand. In this connexion we wish to 
express our sincere thanks to Dr J. C. Andrews who selected suitable livers and 
prepared ether extracts therefrom and, in addition, provided the detailed infor- 
mation summarized in Table I. 

The livers were certified free from disease and with the exception of the cow 
liver (which exhibited fatty degeneration) they were normal. The samples were 
sliced and steam-cooked within 3 hr. of killing. The drained material was minced 
and then exhausted with ether in a continuous extractor. After drying the 
extract with anhydrous sodium sulphate, all but traces of solvent were removed 
and the “‘fat’’ was bottled for transport. 


Table I. Particulars of samples used in this investigation 


% ether 

extract 

Liver (cale. on 
average wt. wt. of 

Animal No. Ib. oz. raw liver) Remarks 

Ox ¢ Li 3 6-2 Selected from prime beasts 

Cow 0 13-4 Aged Jersey cow, rather poor condition, putty- 
coloured liver showing fatty degeneration 

3s Selected from 500 prime baconers (av. dressed wt. 

Pig . 143 Ib.) 

Selected from 237 prime baconers (av. dressed wt. 
139 Ib.) 

Sheep 22 2 5 Selected from 200 prime cross-bred wethers (av. 
dressed wt. 53 lb.). The extract was green and 
more solid than either that of the ox, cow or pig 
livers 


EXPERIMENTAL 


After a preliminary resolution of these fats into phosphatide and “‘glyceride”? 
by means of acetone, the separated constituents were analysed according to the 
usual methods adopted in this laboratory [cf. Hilditch, 1934]. The simple 
acetone separation of phosphatide and glyceride is admittedly incomplete but 
may be improved by the addition of a neutral salt of a bivalent metal [Nerking, 
1908; MacLean, 1914] which precipitates almost all the so-called acetone- 
soluble phosphatide. ‘‘Phosphatide” prepared in this way from an ethereal 
extract of animal tissue, however, may contain neutral fat, cholesterol and 
inorganic P [cf. Le Breton, 1921] as well as nitrogenous substances [MacLean 
& MacLean, 1927], the last traces of such impurities being extremely difficult 
to remove. The separation is also vitiated to some extent by the fact that di- 
and tri-saturated glycerides, such as oleopalmitostearins and palmitodistearins, 
typically present in animal fats, are only slightly soluble in acetone. These 
glycerides are thus likely to accumulate in the “‘phosphatide” fraction when 
a concentrated ethereal solution of lipoid is precipitated by excess acetone 
according to the usual procedure. Such a possibility does not seem to have been 
emphasized by previous workers. In this work therefore some allowance has 


1 ““Glyceride” or, more strictly, glyceride, free fatty acid and unsaponifiable matter, i.e. non- 
phosphatide constituents. 
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been made for imperfections in the phosphatide-glyceride separation by use of 
a third or intermediate fraction. We believe that with these precautions the data 
for the ‘‘phosphatide”’ component fatty acids of cow, sheep and pig respectively, 
except in the case of the highly unsaturated C,, and C,, unsaturated acids (where 
the pitch-black residues obtained during ester fractionation have not permitted 
a precise determination of saponification equivalent), are accurate almost to 
within the usual limits of the ester fractionation method [cf. Hilditch, 1934]. 
The data for the ‘“glyceride’”’ fraction may not be so reliable owing to the 
presence of free fatty acid and, to a minor extent, of cholesteryl esters of un- 
certain composition. A high free fatty acid content in animal liver “glycerides” 
is apparently normal. Bloor & Snider [1930] report that approximately one- 
third of the acetone-soluble fraction (‘‘glyceride”’) of beef liver lipoid is free 
fatty acid. The present results indicate a free fatty acid content of 9-5, 23-4, 
40-1 and 55-9% for the acetone-soluble fractions of the cow, pig, ox and sheep 
liver lipoids respectively (cf. Table II). Although several months necessarily 
elapsed between the preparation of the sample and the analysis, it is not 
unreasonable to suppose that the observed free fatty acids may have been 
present as such in the living animal, and are not the result of subsequent enzyme 
or bacterial action. This view is supported not only by the similar observations 
of Bloor & Snider [1930] but also by the fact that, although the samples were 
prepared under similar conditions, the free fatty acid content varied enormously ; 
moreover, there was no odour suggestive of the onset of rancidity, which often 
accompanies the production of free fatty acids by enzymes or bacteria. 

In the case of the ox liver lipoid a simple acetone separation was employed, 
the fat being extracted with 4 vol. boiling acetone for 15 min. After cooling in 
the ice-chest overnight the clear supernatant liquid was decanted from the 
insoluble “‘phosphatide’. This extraction was repeated four times and the 
extracts were united to give the “glyceride” fraction. For the remaining lipoids 
the method was modified as follows. After digesting the lipoid with 4 vol. of 
boiling acetone for at least 15 min. the solution was kept overnight in the ice- 
chest, when the supernatant liquid was poured into another flask labelled 
“crude glyceride”’. The “phosphatide”, which appeared as a hard cake covered 
by a layer of crystalline material, was washed with cold acetone and the liquid 
decanted free from suspended matter into the “crude glyceride”’ flask. The 
crystalline material was then agitated with acetone and the resulting suspension 
transferred to another flask labelled “‘mixed phosphatide-glyceride”’. This 
process was repeated until the crystalline material had been satisfactorily 
separated from the phosphatide cake. The phosphatide was then re-extracted 
at least three times according to the above process. After adjusting the concen- 
tration of solvent in the solution of “crude glyceride”’ to 9 vol. the flask was kept 
24 hr. in the ice-chest, where some insoluble material (“insoluble glyceride”’) 
settled out. The supernatant liquid was then removed by decanting and the 
insoluble material transferred to the mixed glyceride-phosphatide fraction. The 
last traces of phosphatide were removed from the acetone-soluble material by 
means of a solution of anhydrous calcium chloride in methyl alcohol [cf. Bloor & 
Snider, 1930]. The calcium chloride precipitate was combined with the mixed 
phosphatide-glyceride fraction and the whole thoroughly washed by shaking 
with 9 vol. of ice-cold acetone. After repeating this process several times the 
combined washings were added to the “‘glyceride” fraction. In order to obtain 
more detailed information with regard to the acetone method, the three con- 
stituents of the sheep liver mixed phosphatide-glyceride fraction, viz. “‘crystalline 
fraction’’, “insoluble glyceride” and ‘calcium chloride precipitate” were not 
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combined but were analysed separately by a semi-micro-fractionation method. 
The general characteristics of these fractions are collected in Table IT. 


Table II. General characteristics of the constituent lipoid fractions 


Cholesterol 


Free ————_ Ratio* 
Ether Non- fatty Com- _ phos- 
extract P N Sap. sap. acid Free bined _ phatide. 
Ox: % % % equiv. Lv. % % % % — glyceride 
‘* Phosphatide” 57-4 2-83 1:39 268-1 73-2 37 _ — — } 0-92 
“*Glyceride” 42-6 0-42 0-21 310-1 101-7 10-7 40-1 58 1-7 2 
Cow: 
Phosphatide 12-2 3-63 1-70 207-5 53-4 2-5 — — — 
Mixed fraction 11-1 0-92 0-40 267-0 32-7 4-6 — — _— } 0-23 
‘*Glyceride” 76-7 0-18 _— 286-5 69-8 4-9 9-5 2-3 0-8 
Pig: 
Phosphatide 59-2 3-62 2-06 206-6 -— 3-7 _ =a} 
Mixed fraction 10-6 1-78 0-93 340-2 62:8 29-4 — 14-3 37 7 1:92 
“Glyceride” 30-2 0-15 0-07 349-5 106-6 17-1 23-4 9-2 41 J 
Sheep: 
Phosphatide 44-7 4-14 1-84 208-0 83-1 2-3 - — — 
“CaCl, precipitate” 47 361 — 23898 1082 T4 — asi aa 
“Insoluble glyceride” 3-6 3-25 — 286-4 100-4 13-5 — 41 30 - 1-19 
“‘Crystalline fraction” 15 2-88 1:37 3125 818 19-1 — — — 
“Glyceride” 45-5 0-13 — 314-6 112-9 13-8 55 


55-9 6-7 2-8 
* Determined from consideration of phosphorus content of each fraction. | 


After saponification with alcoholic KOH the unsaponifiable matter was | 
extracted with ether and the acids submitted to a lead salt separation according 
to the usual practice in this laboratory. In the case of the “phosphatide” i 
fractions certain difficulties were encountered owing to the appearance of ether- 
insoluble impurities which were not apparent in the original material. These 
impurities tended to remain at the interface of the ether and water during 
extraction of the fatty acids and were removed either by filtration or by running 
the water layer and the lower portion of the ether layer into another funnel for 
re-extraction with ether. This process was repeated until the impurities were 
satisfactorily separated from the fat. After removal of ether, the fatty acids were 
dissolved in 9 vol. of acetone and kept overnight in the ice-chest. Usually the 
amount of acetone-insoluble material thus obtained was small but in the case of 
the sheep liver phosphatide (201-0 g.) 4-1 g. of brown powder were isolated. 

This material (P 3-45%, N 2-47%) became sticky when heated on the water- 

bath and may have represented unhydrolysed phosphatide. The fatty acids after 
purification generally gave the expected yields of methyl esters. The yields from 
the “‘solid”’ (S) and “‘liquid”’ (L) acids of pig liver phosphatide were respectively 
about 11 and 6% lower than theoretical. Part of this loss (=1°%% of ‘‘solid” 
acids) was traced to ether-insoluble material (P 0-51 %, N 3-26 %) isolated during 
the course of preparation of the methyl esters of t!e “solid” acids. The same 
material (P 0-56%, N 3-26 %) was also found to the extent of 0-3 % of “solid” 
acids in the ether-insoluble fraction of the residue obtained by distillation of the 
methyl esters of the “solid” acids. 

The residues of the methyl esters of the ‘“‘solid”’ phosphatide fatty acids were 
not only dark coloured, but the presence of ether-insoluble material made it 
preferable to determine equivalents on the fatty acids rather than on the 
esters. An examination of the residue from the methyl esters of the “liquid” 
acids of ox liver phosphatide indicated the presence of 0-13% P. The dark 


1 The original material gave a clear solution in chloroform. 
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Table III. Pig liver lipoid fractionation data 


(i) Pig liver: “‘glyceride” (30-2% of total lipoid). Sap. equiv. 349-5; 1.v. 106-6; 23-4% free 
fatty acid (as oleic); P, trace only; wt. hydrolysed, 182-5 g. 


Lead salt separation (with unsaponifiable extraction) 





g- % 

Solid acids (S) 41-6 23-6 

Liquid acids (L) 107-0 60-8 

Unsaponifiable matter removed 27-55 15-6 
176-15 


Methy] esters of “solid” acids 
B.P./0-2 mm. 


No. g- *“€. Sap. equiv. Lv. 
Sl 5-77 81-125 269-6 1-7 
S2 6-92 125-126 273-1 1-8 
83 6-85 126-128 276-3 2-7 
84 3-97 128-129 277-9 2-8 
85 6-30 129 287-6 4-1 
86 4-60 129-140 289-2 58 
*S7 3-42 Residue 294-5 6-6 


* S$ 7: 1-31 g. on oxidation yielded 1-15 g. saturated esters, sap. equiv. 292-2. 


Methy] esters of “‘liquid”’ acids 


B.P./0-2mm. Sap. B.P./0-2 mm. Sap. 

No. g. aen equiv. I.v. No. g- “¢. equiv. LV. 

Ll 7-05 76-127 271-4 78-8 _— _ —_— — — 
L2 21-77 127-132 283-7 91-5 L 21 3-17 72-130 270-9 75-2 
L 22 6-01 130-131 280-6 2-1 
u 23 3-92 131 289-1 91-9 
L 24 5-16 Residue 295-6 113-4 
L3 23-26 132-135 293-6 100-2 L3l 4-67 67-132 286-4 88-8 
L 32 5-14 132 292-0 94-9 
L 33 3°45 132-133 294-6 97-7 
L 34 5-17 Residue 296-4 117-0 
L4 23-59 135-140 294-6 118-0 L 41 5°65 70-132 294-9 101-2 
L 42 5-98 296-3 103-3 
L 43 4-69 296-6 115-1 
3 299-1 149-2 





L5 4-63 140-147 300-2 140-2 _- 
L6 4-38 147-149 305-5 175-3 — 
*L7 7-08 149-163 317-8 216-4 — 
*L8 9-81 Residue 490-1 183-5 — — — =: 
* L7: Esters, freed from unsaponifiable matter, sap. equiv. 309-0. 
+ L8: Esters, freed from unsaponifiable matter, sap. equiv. 326-9. 


a 
a 
lll é 


(ii) Pig liver: mixed phosphatide-glyceride (10-6 % of total lipoid). Sap. equiv. 340-2; 1.v. 62-8; 
P, 178%; N, 0-:93%; wt. hydrolysed, 68-5 g. 


Lead salt separation (with unsaponifiable extraction) 


g- % 

Solid acids (S) 15-91 28-0 

Liquid acids (L) 21-27 37-4 

Unsaponifiable matter removed 19-64 34-6 
56-82 


Methy] esters of “solid” acids 


B.P. 0-2 mm. 


No g. *¢. Sap. equiv. I.V. 
Sl 1-86 103-115 272-6 1-6 
82 2-29 115 275-7 1-9 
$3 1-64 115-120 279-4 3-1 
S4 2-23 120-122 291-1 3-8 
*$ 5 2-82 Residue 309-8 14-2 


* $5: Esters, freed from unsaponifiable, sap. equiv. 306-6. 


Biochem. 1937 xxx1 95 








1504 T. P. HILDITCH AND F. B. SHORLAND 


Table III (cont.) 
Methy] esters of “liquid” acids 


B.P./0-2 mm. 


No. g. “e. Sap. equiv. Lv. 
Ll 2-15 102-120 290-7 81-5 
L2 2-98 120-122 299-8 95-1 
L3 3°34 122-124 307-4 108-7 
L4 2-93 124-132 309-9 128-1 
L5 3-28 132-100 317-0 166-8 

*L6 3-92 Residue 357-5 206-8 


* L6: Esters, freed from unsaponifiable, sap. equiv. 325-6. 
(iii) Pig liver: phosphatide (59-2% of total lipoid). Sap. equiv. 206-6; 1.v. 55-9 (4 hr.), 57-0 
(1 hr.); P, 3-62%; N, 206%; wt. hydrolysed, 396-5 g. 
Lead salt separation (with unsaponifiable extraction) 
Corresponding acids 





Esters —_——" 
g.* g- g. %t 
Solid acids (S) 71-1 66-7 63-5 24-9 H 
Liquid acids (L) 191-0 187-5 178-8 70:3 i 
Unsaponifiable matter removed 12-2 12-2 4:8 
254-5 


* Includes 0-7 g. ether-insoluble material which was removed after esterification (N, 3-26%). 
‘ os . = 499 . +0 . . /0 
Both the “solid” and the “‘liquid”’ acids were esterified in the usual way and the acids recovered 
from the potassium carbonate washings were re-esterified. 1-7 g. from the “solid” acid fraction 
resisted esterification. 
{ Calculated from the weights of the corresponding esters. 


Methy] esters of “‘solid”’ acids 


B.P./0-2 mm. 
° 


No. g. fs Sap. equiv. I.V. 
Sl 7-0 99-124 277-9 3-1 
82 8-32 124-127 282-6 3-0 
83 9-21 127-132 288-0 3-3 
S4 8-71 132-135 292-1 4-1 
S5 12-18 135-138 294-9 4-4 
S6 5-25 138-105 298-6 6-1 
*S7 6-45 Residue 328-8 27-8 


* $7: Esters, freed from unsaponifiable, sap. equiv. 321-9; 3-89 g., on oxidation, yielded 2-50 g. 
saturated esters, sap. equiv. 323-1. 
Methyl esters of “liquid” acids 
B.P./0-2mm. Sap. B.P./0-2mm. Sap. 
No. g. °C. equiv. Iv. No. g. ae equiv. Iv. 
Ll 11-27 107-131 274-0 69-5 





8-45 98-128 277-5 54:8 


L2 39°77 131-137 288-7 82-5 L 21 

L 22 10-06 128-130 284-0 69-0 

L 23 10-05 130 293-7 90-8 

L 24 4-91 Residue 302-0 139-1 j 
L3 42-40 137-139 298-0 112-2 L3l 9-19 103-130 290-5 84-1 


L 32 10-28 130-135 296-0 97-4 
L 33 5-57 135 297-6 106-7 
L 34 6-95 Residue 305-9 168-0 
L4 43-53 139-149 305-9 159-3 L 41 10-07 100-137 298-8 118-5 
L 42 9:05 137-138 300-2 132-6 
L 43 705 138-139 307-6 167°3 
L 44 838 Residue 312-9 231-0 ! 
L5 11-10 149-151 314-0 234-0 f 
*L6 8-60 151-172 323-9 269-2 — —_— — — _ 
tL7 5-44 172-191 331-6 262-4 
{L8 16:03 Residue 364-9 121-4 — _— — — — 
* L6: Esters, freed from unsaponifiable, sap. equiv. 321-6. 
+ L7: Esters, freed from unsaponifiable, sap. equiv. 321-9. 
t L8: Esters, freed from unsaponifiable, sap. equiv. 325-5. 
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Table III (cont.) 


(iv) Final results of analyses. 
(a) Pig liver: “glyceride” 





“Solid” “‘ Liquid”’ % 5 Mean 
Component acids (236%)  (60-8%) Total (wt.) (mol.) unsaturation 
Saturated: 
Myristic 0-08 — 0-08 0-1 0-1 — 
Palmitic 14-78 3°77 18-55 22-5 24-3 — 
Stearic 7-80 — 7-80 9-5 9-2 — 
Unsaturated : 
Hexadecenoic — 7-31 731 8-9 9-6 (-2-0H) 
Gs 0-78 37-84 38-62 47-0 46-0 (-2-4H) 
Cao 0-16 8-55 8-71 10-6 9-6 (-6-8H) 
Jes — 1-15 1-15 1-4 1-2 (-6-8H) 
Unsaponifiable : — 2-18 17-78 
(extracted separately) — 15-60 ne ip oe se 
(6) Pig liver: mixed phosphatide-glyceride 
“Solid” “Liquid” % % Mean 
Component acids (280%)  (37-4%) Total (wt.) (mol.) unsaturation 
Saturated: 
Palmitic 12-90 0-42 13-32 20-6 23-0 _— 
Stearic 11-83 — 11-83 18-3 18-4 — 
Arachidic 1-27 — 1-27 2-0 1-8 
Unsaturated: 
Hexadecenoic — 0-34 0-34 0-5 0-6 (-2-0H) 
Cs 0-62 15-57 16-19 25-1 25-3 (-2-1H) 
Cay 1-30 19-13 20-43 31-6 29-3 (-4-6H) 
‘22 — 1-21 1-21 1-9 1-6 (-4-8H) 
Unsaponifiable: 0-08 0-73 | 35-41 cal Y4 ‘ 
(extracted separately) — 34-60 } = 
(c) Pig liver: phosphatide 
“Solid” “Liquid” % % Mean 
Component acids (249%)  (70:3%) Total (wt.) (mol.) unsaturation 
Saturated: 
Palmitic 6-56 4-85 11-41 12-1 13-4 ~- 
Stearic 14-49 _ 14-49 15-4 15-3 — 
Arachidic 1-69 -- 1-69 1-8 1-7 — 
Unsaturated: 
Hexadecenoic — 4-50 4-50 4:8 5:3 (-—2-0H) 
Cis 1-14 36-49 37-63 39-9 40-3 ( -2-2H) 
Coo 0-82 21-89 22-71 24-1 22-4 (-6-5H) 
Coe — 1-77 1-77 1-9 1-6 (-6-5H) 
Unsaponifiable : 0-20 0-80 5-80 “> A 
(extracted separately) 4-80 


nature of the residues from the methyl esters of the “liquid” phosphatide fatty 
acids and probable contamination with phosphorus compounds rendered the 
saponification equivalent uncertain. 

In order to illustrate the method of fractionation it should suffice to give 
detailed data for pig liver lipoid only (Table ITI). 

The final results for the composition of the component fatty acids of the 
various fractions are collected together in Table IV. 

The mixed phosphatide-glyceride fractions varied considerably in composi- 
tion, according to the phosphatide content. The mixed fraction from cow liver 
lipoid contained only 17-9% of the total fatty acids present as phosphatide 
while that from sheep liver consisted mainly of phosphatide fatty acids. After 


95—2 
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Table IV. Component fatty acids of glycerides and phosphatides in liver and 
depot fats (wt. °/,) 








Saturated Unsaturated 
a : : *, : a _ - 
Ox liver: Cys Cr Cs Cop Cys Ce Cis Coo, Coy 
“‘Glyceride” 1-4 30-4 6-6 = 1-1 9-9 40-3 85 nt 
(2:0) (2-0) (30) (69) (69) 
“Glyceride” [Klenk & Schoene- —_ 25-0 20-0 — _ 9-0 37-0 8-0 10 
beck, 1932] 2:0) (26) (5-0-T-4) 
Phosphatide 13 28-2 14-4 0-2 0-7 38 315 10-8 9-1t 
(2-0) (2-0) (2-9) (75) (745) 
Phosphatide [Klenk & Schoene- — 12-5 27-0 _ a= 5-0 27-0 18-0 105 
beck, 1932] (2-6-3-4)  (5-3-8-2) i 
Cow liver: 
“Glyceride” 2:8 29-8 5:3 — 0-4 9-7 48-6 3-4 _ 
(20) (20) (2:4) (6-0) 
Mixed phosphatide-glyceride 0-8 56-6 11-0 mo — 5-4 22-7 2-1 _ 
2-0) (24) (6-0) 
Phosphatide — 21-3 21-8 — — 41 47-8 5-0 = 
(2-0) (2-7) (6-0) 
Pig liver: 
“*Glyceride” 0-1 22-5 9-5 an — 8-9 47-0 10-6 14 | 
(2-0) (2-4) (6-8) (68) | 
Mixed phosphatide-glyceride — 20-6 18-3 2-0 = 0-5 25-1 31-6 19 
(2-0) (2-1) (4:6) (48) 
Phosphatide _ 12-1 15-4 18 — 48 39-9 24-1 ig 


(2-0) (2:2) (65) = (65) 
Sheep liver: 
““Glyceride” 0-2 21-9 12-9 —_— — 4-9 44-7 11-6 38 
2-0) (28) (7:3) (78) | 


“CaCl, ppt.” _ 14-9 18-1 0-8 -- 55 27-8 21-9 11-0 
(2-0) (2:9) (7-1) (10-0) 
—— _ “Insol. glyceride”? = — 206 174 41 — 55 298 47 79 
a eiie (20) (27) (7-0) (100) 
x “Crystalline 28-6 21-2 5-0 a 2-4 25-8 12-6 44 
fraction” (2-0) (2-7) (5-7) — (10-0) 
Phosphatide — 12-6 21-8 0-8 — 8-9 27:8 23-6 45 
(2-0) (3-1) (6-9) (10-5) 

* Figures in brackets, e.g. (6-9), denote mean unsaturation per molecule, e.g. (—6-9 H). t+ Mainly Cy. 


correction for phosphatide fatty acids it appeared that the glyceride fatty acids 
present in these mixed fractions were mainly saturated, palmitic acid being the 
major constituent. The glyceride fatty acids from the mixed fractions of cow 
and pig liver lipoids respectively contained about 75 and 79% saturated acids, 
corresponding to at least 25 and 37% of fully-saturated glyceride. Although, 
owing to the semi-quantitative nature of the data for the mixed fractions of 
sheep liver lipoid, the calculated composition of the glyceride fatty acids in 
these fractions could not be accurately ascertained, it is almost certain that the 
proportion of saturated acids was similar to those found in the cases of the cow 
and pig liver lipoids. The mixed fractions of the cow, pig and sheep liver lipoids 
represented respectively 10, 6 and 2% of the total glyceride fatty acids. 

The obvious effect of insoluble di- and tri-saturated glycerides in the usual 
method of phosphatide separation will be to increase the apparent content of 
saturated acid in the “phosphatide” fraction at the expense of the non- 
phosphatide (“glyceride”’) fraction. The relative effect on the fatty acid com- 
position of either of these fractions will be in the inverse ratio of its relative pro- 
portion in the liver lipoid. The error introduced is probably not usually serious 
as is shown by the fact that the corrected data mostly agree quite closely with 
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data given for the original glyceride fraction. A maximum deviation is shown in 
the case of the cow liver glyceride, where the observed palmitic acid content is 
29-8 % (mol.) as compared with the corrected figure of 34-7 % (mol.). 

Although no data are available for a mixed phosphatide-glyceride fraction 
of ox liver lipoid a crystalline precipitate was observed during acetone separation 
of the phosphatide fraction. This precipitate is likely to represent insoluble 
glyceride and would thus account for the low phosphorus content of the 
“‘phosphatide”’. Similar contamination with these glycerides may also be 
responsible for the low phosphorus contents of phosphatides sometimes recorded 
in the literature. : 

It is clear from Table IV that the so-called ‘‘acetone-soluble phosphatides” 
[cf. MacLean, 1914] represented by the “‘calcium chloride precipitate” of sheep 
liver lipoid are essentially similar to the acetone-insoluble phosphatides as regards 
the proportions of component fatty acids. The fatty acids of the former are, 
however, somewhat more unsaturated. (‘‘Calcium chloride precipitate”, 66-2 °% 
unsaturated acids (1.v. 208-4); “‘acetone-insoluble phosphatide’’, 64-7°% un- 
saturated acids (1.v. 199-8).) If, on the basis of the phosphorus content, the 
fatty acids of the “calcium chloride precipitate’ are corrected for the presence 
of some 8% contaminating glyceride, then the differences between these 
fractions will appear rather greater. From considerations of solubility it is likely 
that any phosphatide present in the ‘insoluble glyceride” fraction would be 
more saturated than the so-called “‘acetone-soluble phosphatide’’ represented 
by the “calcium chloride precipitate’. These observations together with the 
data presented in Table IV suggest that in the case of the mixed phosphatide- 
glyceride fractions it is not unreasonable to calculate the phosphatide com- 
ponent fatty acids on the basis that these acids are present in the same propor- 
tions in both the mixed phosphatide-glyceride and the main phosphatide frac- 
tions. After ascertaining the proportions of phosphatide in the mixed fractions 
from the respective phosphorus contents! of the phosphatide and the mixed 
fraction, the percentage of phosphatide fatty acids is calculated as 

% phosphatide (mixed fraction) x % fatty acids (phosphatide) x100 __ b 
% phosphatide (mixed fraction) x % fatty acids (phosphatide) + % glyceride (mixed fraction) 
x % fatty acids (“‘glyceride”’) 
If the compositions of the mixed fraction and of the phosphatide respectively are 
known, the composition of the non-phosphatide (‘‘glyceride’’) fatty acids may 
be ascertained by difference. The composition of the component fatty acids 
present in the main “‘glyceride” fraction as well as in the glyceride portion of the 
mixed fraction being thus known it is possible to calculate the proportions of 
component fatty acids present in the total non-phosphatide (glyceride + free 
fatty acids + cholesteryl ester) fraction. 

(Owing to imperfect separation, it could not be assumed in the case of the 
ox liver lipoid that the ‘‘ phosphatide”’ fraction had the same fatty acid composi- 
tion as the phosphatide present in the ‘“‘glyceride” fraction. The phosphatide 
contents of both “‘glyceride” and “‘phosphatide’’ constituents were therefore 
ascertained by comparing the respective phosphorus contents with that of a 
lecithin whose fatty acids would have the same mean mol. wt. as those of the 
isolated crude phosphatide. After calculating the respective proportions of 
phosphatide and glyceride fatty acids in the crude glyceride and phosphatide 
fractions, the percentage of each acid present as glyceride and phosphatide was 
solved algebraically.) 

Corrected data for the fats examined are given in Table V. 

1 Corrected for the presence of unsaponifiable matter. 








1508 T. P. HiLDITCH AND F. B. SHORLAND 










Table V. A comparison of the corrected fatty acid compositions of the non- 
phosphatide (“‘glyceride’’) and phosphatide constituents of the ox, cow, pig and 
sheep lipoids with the wailable data for the corresponding depot fats. Fatty 
acids (°/, mol.) 


















































Saturated Unsaturated 
OO Serer ee Set aa 
a Cu Cie Cys Coo Cy Cis Cis C20 Css 
“Glyceride” 16 325 50 — 15 117 403 7-4* 
(2-0) (20) (3-0) (6-9) 
Phosphatide 1-5 29-7 17-0 0-2 0-6 1-6 27-7 21-7* 
(20) (20) (2-9) (7-5) 
Se 


Depot glyceridet 7:3 29-2 20-5 — _ _— 43-0 —t os 
(2-1) 
Cow liver: 
“*Glyceride”’ 3-2 34:7 5:3 — 0-5 9-9 43-6 2-9 — 
(20) (2:0) (2-4) (6-0) 
Phosphatide — 22-9 21-2 — —- 4-4 46-9 4-6 _ 
(20) (27) (6-0) 
Pig liver: 
“*Glyceride”’ 0-1 25-8 10-3 0-2 _— 9-2 44-1 9-2 1-1 
(20) (2-4) (68) (6-8) 
Phosphatide — 13-4 15:3 1-7 — 5-3 40-3 22-4 1-6 
(20) (2:2) = (6:5) (65) 


Depot glyceride§ 1-1 28-1 9-7 _ — = 61-1 —t — 
(2-1) 
Sheep liver: 
“Glyceride”’ 0-3 24-2 12-5 — —_ 53 44-1 10-5 3 
(20) (28) (7°38) (7 
Phosphatide = 13-9 21-7 0-7 — 9-9 28:0 21-9 
(20) (3-1) (6-9) (1 
Depot glyceride|| 2-1 246 25-6 — — _ 47-7 —t _ 
2-2) 


Se 


' 
* Mainly C,y. + Traces of Cy)-acids are also present in these depot glycerides. 
t Mean values—Banks & Hilditch [1931]; ef. Armstrong & Allan [1924]. 
§ Mean values—Ellis & Zeller [1930]; cf. Ellis & Isbell [1926], Bhattacharya & Hilditch [1931]. 
|| Mean values—Armstrong & Allan [1924]; ef. Collin et al. [1929]. 

It will be seen from Table V that the non-phosphatide liver fatty acids some- 
what resemble the corresponding depot fats as regards the relative proportions 
of component fatty acids [cf. Klenk & Schoenebeck, 1932], but the former are 
distinguished by the presence of some 5-10% (mol.) of hexadecenoic acid together 
with 5-15 % (mol.) of C,, and C,., highly unsaturated acids, the proportions in 
both cases being much greater than in the depot fats. 

In view of the fact that hexadecenoic acid had not been reported by previous 
investigators in the case of the depot fats concerned it seemed desirable both to 
verify the presence of this acid in the liver ‘“‘glyceride”’ and to search for traces 
in the depot fat. Accordingly the methyl esters of the liquid acids from sheep 
liver glyceride were fractionated before and after hydrogenation with the } 
following results. 

Table VI. Component fatty acids (°/, mol.) 

Before After : 

hydrogenation hydrogenation 

Palmitic 6-7 14-6 
Hexadecenoic 8-4 — | 
e. 64:3 65- i 
Cr 15-5 14- 
Coo 5-1 é | 
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The presence of hexadecenoic acid was thus verified by the increase of palmitic 
acid in the hydrogenated sample as compared with the original esters. 

An examination of the methyl esters of the liquid acids from pig depot fat by 
refractionation and oxidation of the lower-boiling fractions gave the following 
results. 


Table VII Sap. equiv. of 
saturated 
Weight Sap. equiv. Iv. esters 
3-12 273°1 54-0 257-9 
10-40 279-0 80-4 262-4 
9-88 286-7 92-8 271-5 
7-71 290-0 102-1 _ 


These figures suggest that, contrary to previous observations [Dean & 
Hilditch, 1933], pig depot fat contains a small proportion (3-4% mol.) of 
hexadecenoic acid.1 

The occurrence of such proportions of hexadecenoic acid in depot glycerides 
together with relatively constant palmitic contents (25-30%) in both liver and 
depot glycerides indicate a general similarity between these two classes of fats. 
It is possible that the final compositions of the depot and liver glycerides may be 
the result of a selective interchange between the body and liver leading to a 
higher concentration of hexadecenoic and Cy)—C,, glycerides in the liver than in the 
body glycerides. Although, as shown by the present data, the mean unsaturation 
of the C,, unsaturated acids is higher in the liver glyceride (—2-4 H to —3-0 H) 
than in the corresponding depot fat (— 2-0 H to —2-2 H) these acids are present 
in smaller proportions in the former, so that the higher 1.v. of the liver 
““glyceride”’ (non-phosphatide) fatty acids as compared with that of the depot 
fatty acids is due mainly to the presence of increased proportions of Cy) and 
Cy. acids. 

A survey of the data given by Klenk [1935] for the liver glycerides and 
phosphatides of the frog, turtle and ox respectively, together with the results of 
this investigation, establishes that liver phosphatides are characterized by the 
presence of increased proportions of stearic and C.) and C,, unsaturated acids 
together with diminished proportions of hexadecenoic acid, as compared with the 
corresponding liver glycerides. The sheep liver lipoid examined, however, is ex- 
ceptional in two respects: (1) the phosphatide is richer in hexadecenoic acid than 
the “glyceride’’, (2) the greater proportion of stearic as compared with palmitic 
acid typically found in the depot fat is not reflected in the liver “‘glyceride”’. 
Associated with these exceptions is the high free fatty acid content of 55-9%. 


Table VIII. Comparison of mean mol. wt. of phosphatide and non-phosphatide 
(‘‘glyceride’’) fractions calculated from the results of Table V 


Mean mol. wt. 


of fatty acids 
Ox liver “glyceride” 254-8 
Ox liver phosphatide 262-3 
Cow liver “glyceride” 253-9 
Cow liver phosphatide 261-6 
Pig liver “glyceride”’ 260-5 
Pig liver phosphatide 268-7 
Sheep liver “glyceride” 262-4 
Sheep liver phosphatide 267-5 


1 Dr H. E. Longenecker and one of us, in a forthcoming communication, will present evidence 
for the presence of similar small amounts of hexadecenoic acid in ox depot fats. 
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Table VIII illustrates the marked tendency of the phosphatide as compared 
with the ‘“‘glyceride’’ (non-phosphatide fraction) to contain acids of higher mol. 
wt. Sinclair [1932] showed in the case of rats a remarkable preferential absorp- 
tion of more unsaturated acids by the phosphatides from the various tissues. 
The feeding of small amounts of cod liver oil, sufficient to produce a marked 
increase in the level of unsaturation of the phosphatides, had no apparent effect 
on the neutral fat. The present results show that absorption of unsaturated 
acids into the phosphatide molecules is a selective phenomenon. Whereas the 
highly unsaturated C,) and C,, acids and octadecadienoic acid (as shown by the 
subsequent bromination data) are preferentially selected by the liver phos- 
phatide, myristoleic and hexadecenoic (low mol. wt. monoethenoid) acids tend 
to concentrate chiefly in the liver glyceride. 

As regards the mean unsaturation of C,, and Cy groups respectively, the 
values for the ‘‘glycerides”’ and phosphatides do not vary greatly although these 
groups are frequently more unsaturated in the phosphatide fractions. The 
mean unsaturation of the C,, unsaturated acids has usually been rendered un- 
certain owing to lack of material in the case of the “‘glyceride”’ and to polymeri- 
zation in the case of the phosphatide. Attention should, however, be drawn to 
the abnormally high mean unsaturation (— 10-5 H) of the C,, acids from sheep 
liver phosphatide suggesting the possibility of acids even more highly un- 
saturated than clupanodonic acid or isomerides, which Klenk & Schoenebeck 
[1932] have shown to exist in ox liver phosphatide. 


Examination of the bromo-additive products of the C13 unsaturated acids 


Recent studies on the composition of C,, unsaturated acids by various workers 
have shown that although oleic acid (A*!°-octadecenoic acid) is a common con- 
stituent of plant and animal fats, the di- and poly-ethenoid C,, acids vary both in 
nature and in proportion according to the origin of the fat. In seed fats the C,, 
unsaturated acids other than oleic usually consist of linoleic, A%!-1*1%-octa- 
decadienoic acid, and frequently linolenic acid, A*!® 1*13,15:16_octadecatrienoic 
acid, is also present. The available data for aquatic fats [Green & Hilditch, 1936; 
Shorland & McIntosh, 1936] suggest that linoleic and linolenic acids are not 
present in more than traces, the polyethenoid unsaturation being due in part 
at least to octadecatetraenoic (stearidonic) acid. The fats from land mammals 
form another group in which linolenic acid is not usually found and linoleic acid 
may be present to the exclusion of other C,, di- and poly-ethenoid acids, as in 
some pig depot fats [Hilditch & Stainsby, 1935], or it may appear in traces 
only. In the latter case there seems to be present, as in butterfat [Green & 
Hilditch, 1935], an isomeric form of linoleic acid yielding a petroleum-soluble 
tetrabromide. 

As regards the liver lipoids described in this investigation Klenk & Schoene- 
beck [1932] found linoleic acid in ox liver phosphatide, whilst Hartley [1909] and 
Turner [1930] observed this acid in the fatty acids of pig and sheep livers re- 
spectively. The data regarding the presence of linoleic acid in these fats are not, 
however, conclusive, for Levene & Simms [1922] in their detailed bromination 
studies on the fatty acids of beef liver lecithin failed to obtain the solid tetra- 
bromostearic acid M.P. 114° characteristic of linoleic acid. 

In the present investigation concentrates of C,, unsaturated acids were pre- 
pared by repeated fractionation of the methyl esters of the “liquid” acids. 
The acids (5-10 g.) were separated by successive crystallization of the lithium 
salts from 95% acetone and 80% alcohol respectively, into three groups which 
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were brominated as described by Green & Hilditch [1936]. The data finally 
obtained are summarized in Table IX (a, }, c). 


Table IX (a). Separation of acids by lithium salts 





B. Acetone-in- CC. Insoluble in 
A. Acetone- soluble, alcohol- both acetone 
soluble soluble and alcohol 
on i ae 
% I.V. % 1.v. % LY. 
Beef liver glyceride (sap. equiv. 295-1, 95 210-0 32-0 149-4 58-5 104-7 
Lv. 126-5) 
Beef liver glyceride (61%) + ground-nut 15-6 222-6 40-7 150-0 43-7 104-6 
oil C,, acids (ef. p. 1513) 
Beef liver phosphatide (sap. equiv. 294-6, 10:0 181-8 34:3 146-2 55-7 86-6 
I.v. 117-2) 
i Cow liver glyceride (sap. equiv. 294-9, 6-6 172-4 18-5 126-0 749 81-6 
Lv. 97:9) 
Pig liver glyceride (sap. equiv. 294-9, 79 2145 18-9 121-3 732 89-1 
1.V. 100-4) 
Pig liver phosphatide (sap. equiv. 295-5, 11-2 225-7 25-4 1148 63-4 62-1 
.v. 90-1) 
Sheep liver glyceride (sap. equiv. 294-3, 5-6 156-7 50-7 125-4 43-7 99-2 
Lv. 109-5) 
Sheep liver phosphatide (sap. equiv. 10-4 163-0 43-3 128-6 46-3 81-1 


Table IX (b). Bromo-additive products of each fraction 


Beef liver 





i 
292-0, 1.v. 113-3) 
——A—_____—____—_,, Pig liver Sheep liver 
Glyceride c 5 ‘ c 
+ground- Phos- Cow liver Phos- Phos- 
Glyceride nut acids phatide glyceride Glyceride phatide Glyceride phatide 
Al* M.P. 230° 246° 236° 239° 238° 238° 215-218° 232°t 
% Br 68-0 69-2 66-7 65-2 67-2 70-0 68-8 67-6 
ot 1-9 2-6 1-3 0-3 1-5 18 0-3 0-9 
A2 M.P. 80-90° Indef. 120—140° 156° 138-140° 135-140° 118-124° 108—135° 
% Br 61-9 52:2 65-8 58-7 61-2 61-9 66-2 52-2 
% 1-7 6-1 1-2 0-6 1-1 25 0-7 1-0 
A3 M.P. _— — — — = — = — 
% Br 18-9 56-4 44-9 418-5 48-3 53-8 44-2 44-7 
% 59 6-9 Td 5-7 5-3 6-9 4-6 8-5 
31 M.P. 234 240 224° 224 236° 226° 175-176-5° 175-176° 
! % Br 65-2 67-3 64-8 65-5 67-8 65-0 64-2 64-0 
i % 2-8 1-7 2-1 0-2 0-5 0-3 13 13 
B2 M.P. 176°t 106-114° 118—135° 166°¢ 149-151° 108—115° 105-135° 106—108° 
% Br 54-6 51-3 12-08 63-7 63-2 59-1 52-9 53-5 
% 0-8 6-9 2-7 0-6 0-5 2-1 33 58 
B3 MP. as ee oe on = = fe eS 
% Br 45-1 47-7 44-65 41-0 40-4 38-4 41-6 41-7 
i % 28-4 32-1 29-5 17-7 17-9 23-0 46-1 36-2 
C1 M.P. 176°t 200° 208 200° — — _ 160° 
' % Br 63-1 — 68-3 — — — — 
° 1-0 Trace 03 Nil Nil Nil Nil Trace 
C2 M.P. 172° 106-128 174° 166° 135-150° —|| 150-170° —|| 
i % Br 615 46-3 52-5 58-1 60-7 11-2 56-9 12-0 
b 0-3 1-8 0-6 0-3 0-3 6-0 0-8 1-8 
C3 M.P. a = os = as a. a: — 
% Br 38-1 39-2 34-6 33-3 35-1 28-0 36-7 33-4 
70 57-2 41-9 54:8 74-6 72-9 57-4 42-9 44-5 
{ 1 =ether-insoluble; 2=ether-soluble, petroleum-insoluble; 3 =soluble in both petroleum and ether. 


Expressed as a percentage of total C,, fraction of liquid acids. 
Melted with decomposition. ; § Decomposed while drying. | 


| Mainly stearic acid. 


+++ * 
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Table IX (c). Identification of bromo-additive compounds 
Soluble in hot, 


Insoluble in hot insoluble in cold Soluble in cold 
petroleum petroleum petroleum 
B 2. Ox phosphatide 0-0312 g. 0-0050 g. 0-0048 g. 
M.P. 174°* M.P. 127—130° 
B 2. Ox glyceride + ground- 0-0166 g. 0-1220 g. 0-0620 g. 
nut oil Cy, acids (cf. p. 1513) MP. 170-174° M.P. 113° 


(mixed tetrabromo- 
stearic 113—114°) 
B 2. Pig glyceride 0-0550 g. 0-0180 g. 0-0210 g. 
up. 171°? M.P. 109-110° M.P. 98-102° 
(mixed tetrabromo- 
stearic 110—112°) 
B 2. Pig phosphatide 0-0310 g. 0-1308 g. 0-0296 g. 
M.P. 165—170° M.P. 112-113° M.P. 100-104° 
(mixed tetrabromo- 
stearic 113—114°) 
B 2. Sheep glyceride 0-0484 g. 0-0960 g. 0-0226 g. 
M.P. 165°* M.P. 108-110° M.P. 60—85° 
(mixed tetrabromo- 
stearic 110—112°) 


B 1. Sheep glyceride Mixed with hexabromostearic acid M.P. 175-176° 
B 2. Sheep phosphatide 0-0824 g. 0-2203 g. 0-0714 g. 
M.P. 115-130° M.P. 110—111° M.P. 79-83 
(indefinite) (mixed tetrabromo- 
stearic 111—112-5°) 
B 1. Sheep phosphatide Mixed with hexabromostearic acid M.p. 175-176° 


* Melted with decomposition. 


With the exception of the A 1 sheep liver glyceride fraction (m.p. 215-218°), 
the remaining A 1 fractions melted within a range of 230-246° characteristic of 
highly unsaturated C,) acids which were probably, therefore, still present owing 
to imperfect fractionation. It is noteworthy in this connexion that the relatively 
low proportion of high-melting bromides in the case of the sheep liver fatty acids 
is associated with the use of an efficient fractionation column [Longenecker, 
1937] in place of the customary Willstatter flask employed in the preparation of 
the remaining C,, fractions. The bromine contents of the A 1 fractions lay 
mostly between the theoretical values for a mixture of C,)H3,0,Br, (% Br= 67-8) 
and CH 0,Bry) (% Br=71-6). The A1 fractions of pig liver phosphatide 
(M.P. 238°, % Br=70-0) and pig liver “glyceride” (M.P. 238°; % Br=67-2) may 
be compared with the ether-insoluble polybromides (m.P. 240°, % Br=68-3) of 
pig liver fatty acids described by Irving & Smith [1935]. 

The B 1 fractions resembled for the most part the Al fractions as regards 
M.P. and bromine content. The B 1 fractions of sheep liver fatty acids were 
obviously not typical C,, polybromides. They melted clearly (without decom- 
position) at about 176° and when mixed with an authentic specimen of hexa- 
bromostearic acid (M.P. 175-176°) there was no depression of m.P. This result 
suggests the presence of some linolenic acid in sheep liver lipoid. 

In order to test for linoleic acid, the B 2 fractions in which the tetrabromide 
of this acid would tend to concentrate were recrystallized from petroleum (B.P. 
40-60°) as indicated by Table IX (c). The high m.P. and low concentration of the 
B 2 fractions in the ox and cow liver “‘glycerides”’ suggested the absence of more 
than traces of linoleic acid. This was confirmed by the fact that, when this 
method was applied to a mixture of the “liquid” acids from ground-nut oil 
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(39%) and ox liver glyceride C,, acids (61%, sap. equiv. 296-7, 1.v. 149-8), the 
added linoleic acid (equivalent to about 12% of the mixture) was readily indi- 
cated by the increased yield of the B 2 fraction as well as by the isolation of a 
crystalline tetrabromide, M.P. 113°. The yield of tetrabromide was equivalent to 
34% of the linoleic acid originally added as compared with a 40% yield (M.P. 
114°, % Br=53-5) obtained on bromination of the original ground-nut liquid 
acids. By comparison with the data given for the ox liver “glyceride’’-ground- 
nut “liquid” acids mixture it is estimated that the “glyceride” and phosphatide 
C,, unsaturated acids from pig liver contain approximately 1 and 4% of this 
acid, whilst the linoleic acid content of the sheep liver C,, unsaturated acids is 
somewhat higher, the glyceride and phosphatide fractions containing, respec- 
tively, about 6 and 11%. Although the yield of the B 2 fraction from ox liver 
phosphatide was relatively large, the low m.P., bromine content and solubility 
data gave no evidence for the presence of tetrabromostearic acid. The B 2 
fractions were shown to contain varying proportions of high-melting bromides 
insoluble in hot petroleum. The bromide (m.P. 171°) obtained from the B 2 
fraction of pig liver “‘glyceride”’ contained 63-3 °% Br, which accords well with 
the theoretical bromine content of hexabromostearic acid. The exact nature of 
this bromo-derivative is unknown, but the failure to obtain a clear M.P. together 
with the solubility data suggest that it cannot be identical with the hexabromo- 
stearic acid from ordinary linolenic acid. 

In Table X the apparent linoleic acid content has been calculated from the 
mean I.v. of the C,, esters of the “liquid” acids, presuming that oleic and 
octadecadienoic acids only are present. 


Table X. The apparent linoleic acid content of the C13 unsaturated acids 


Linoleic acid 





eS oh 
% observed from 
tetrabromide 

Iv. yield Calculated 
Cow glyceride 103-0 : i 19-8 
Cow phosphatide 120-5 Nil 29-9 
Ox glyceride 133-5 Nil 54-9 
Ox phosphatide 124-7 Nil 44-7 
Pig glyceride 103-0 1 19-8 
Pig phosphatide 94-4 q 10-0 
Sheep glyceride 124-7 6 44-7 
Sheep phosphatide 137-7 11 59-7 


The mean 1.v. of the C,, esters given in the table are probably too high owing 
to the inclusion of traces of Cy, acids which cannot be completely removed by 
the usual fractionation method. Although this would tend to give a high result 
for the calculated linoleic acid content it is evident that (with the possible 
exception of pig liver phosphatide) the fractions contained considerable propor- 
tions of petroleum-soluble tetrabromides as in the case of cow butterfat. 

In order to account for the 1.v. in excess of that given by oleic acid, Green & 
Hilditch [1935] submitted a concentrate of C,, unsaturated acids of cow butter- 
fat to an acetone permanganate oxidation [Armstrong & Hilditch, 1925] and 
concluded from the oxidation products that an octadecadienoic acid structurally 
similar to linoleic acid was probably present. They also drew attention to the 
general similarity between the octadecadienoic acids of butterfat and grass 
[Smith & Chibnall, 1932]. In both instances no evidence of a crystalline tetra- 
bromostearic acid (M.P. 114°) characteristic of linoleic acid could be obtained, 











1514 T. P. HILDITCH AND F. B. SHORLAND 


although the grass fatty acids yielded 8-9 g. of oily tetrabromide from 10-4 g. 
of unsaturated acids. In both cases also the yield of tetrahydroxy-derivatives 
indicated the presence of less than 4% of ordinary linoleic acid. From these 
results it was concluded that the peculiarities of butterfat octadecadienoic acid 
might be the consequence of direct assimilation of the grass glycerides. In view 
of the sensitivity of the bromination method as indicated in this investigation by 
the recovery of added linoleic acid even in the presence of considerable amounts 
of Cy highly unsaturated acids, it is not impossible that the tetrahydroxystearic 
acid recorded both in grass fat and in cow butterfat may be the result of isomeri- 
zation of part of the octadecadienoic acid to linoleic acid during oxidation. 

Cattle and sheep in New Zealand subsist on grass, while the basic diet of 
pigs consists of dairy products and grass supplemented in winter by meat and 
root crops, which would probably not contain any appreciable amount of 
linoleic acid. The definite proportions of linoleic acid in sheep and pig liver 
lipoids, especially in the phosphatide fractions, suggest that these animals 
tenaciously store the traces of linoleic acid of the diet or else that they have a 
mechanism for the conversion of isomeric octadecadienoic acid into linoleic acid 
which is absent or very imperfectly developed in the ox or cow. This latter 
hypothesis is in harmony with the possibility that the definite evidence for the 
existence of linoleic acid (as indicated by the yield of tetrabromostearic acid, 
M.P. 114°) in the ox liver phosphatide examined by Klenk & Schoenebeck [1932] 
may be the effect of including bran or linseed meal (containing linoleic acid) in 
the diet. This evidence also tends to exclude the possibility that the absence of 
linoleic acid from the ox and cow lipoids reported in this investigation may be 
due to a destructive action of the liver on this acid. 


SUMMARY 


The phosphatide and “‘glyceride”’ constituents of the liver lipoids of ox, cow, 
pig and sheep have been studied in detail. It has been shown that the usual 
method of phosphatide-glyceride separation is incomplete owing to the sparing 
solubility of di- and tri-saturated glycerides (typically present in animal fats) 
in acetone. A correction is therefore introduced by use of a third or mixed 
phosphatide-glyceride fraction. As would be expected the main error involved 
was to increase the apparent content of saturated acid in the ‘“phosphatide” 
fraction at the expense of the non-phosphatide (“‘glyceride’’) fraction. So far as 
the individual fatty acids are concerned the error is usually quite small, but the 
uncorrected palmitic acid content of cow liver “‘glyceride”’ is 29-8 °% (mol.) as 
compared with the corrected figure of 34-7 % (mol.). 

The non-phosphatide fatty acids of the liver have been shown to resemble 
somewhat those of the corresponding depot fats [cf. Klenk & Schoenebeck, 
1932]. The former are distinguished, however, by the presence of some 5-10% 
(mol.) of hexadecenoic acid together with 5-15 % (mol.) of Cy>—C,. highly unsatur- 
ated acids, the proportions in both cases being much greater than in the depot 
fats. The evidence for the occurrence of small proportions of hexadecenoic acid 
(3-4 % (mol.)) in the animal depot fats concerned, which had not been reported 
by previous workers, together with the relatively constant 25-30% (mol.) of 
palmitic acid of the liver “glyceride”’, further stress the similarity between these 
two types of fat. 

Survey of the available data [cf. Klenk & Schoenebeck, 1932] together with 
the results of the present investigation establishes that liver phosphatides are 
characterized by the presence of increased proportions of stearic, Cy) and Cy. 
unsaturated acids together with diminished proportions of hexadecenoic acid, as 
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compared with the corresponding liver “glycerides”. A marked tendency of 
liver phosphatides as compared with liver glycerides to contain acids of higher 
mol wt. is also shown. 

Bromination studies established that linoleic acid is not present in detectable 
amount in cow and ox liver fatty acids respectively, although traces of this acid 
are found in the pig and sheep liver fatty acids. The presence of linolenic acid 
in sheep liver fatty acids is also recorded. 


We wish to thank the Department of Scientific and Industrial Research of 
New Zealand for a grant to one of us (F. B. 8.) during the course of this work. 
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CLXXXVIII. THE OCCURRENCE OF PHOSPHO- 
GLYCERIC ACID IN THE BACTERIAL 
DISSIMILATION OF GLUCOSE! 


By ROBERT WILLIAM STONE anp CHESTER HAMLIN WERKMAN 
From the Department of Bacteriology, Iowa State College, Ames, Iowa, U.S.A. 


(Received 15 June 1937) 


Since Harden & Young [1906] first obtained a hexose ester from yeast juice 
fermentation, phosphorylation and phosphorylated compounds have been of 
increasing importance in the reactions proposed to explain glycolysis. The work 
of Nilsson [1929], Embden et al. [1933] and particularly that of Meyerhof 
and associates [cf. Meyerhof, 1935] has produced convincing evidence that 
triosephosphoric acid and phosphogiyceric acid are intermediates in both 
muscle and yeast glycolysis. Furthermore, these workers do not believe that 
methylglyoxal normally functions as an intermediary, and Lohmann [1932] 
has demonstrated that lactic acid formation in muscle can be independent of 
methylglyoxal. 

As most schemes of bacterial dissimilation are based on methylglyoxal as 
an intermediate, it is desirable to determine whether the reactions of Embden 
and Meyerhof may not be applicable to bacterial dissimilation. The literature 
contains little information. Antoniani [1933, 1, 2] showed that Escherichia coli 
can dissimilate both glyceric and phosphoglyceric acids. Either fresh or dried 
bacteria formed pyruvic acid from the phosphate ester in the presence of toluene. 
Neuberg & Kobel {1933, 1] showed that Lactobacillus delbriickii also formed 
pyruvic acid under these conditions. Tikka [1935] showed that Escherichia coli 
dissimilates hexosediphosphoric acid, «-glycerophosphoric acid, phosphoglyceric 
acid and pyruvic acid to normal end products. Although he was unable to 
isolate phosphoglyceric acid, the quantitative analysis was fitted to a scheme of 
glycolysis based on the work of Meyerhof & Kiessling [1934]. None of the 
proposed intermediate phosphoric acid esters was isolated. The first isolation of 
phosphoglyceric acid from a bacterial fermentation was reported by Werkman 
et al. [1936]. With Citrobacter freundii a small quantity of barium phosphogly- 
cerate was obtained in the presence of toluene, glucose and phosphate buffer. 
The salt was identified by optical rotation and analysis of carbon, hydrogen, 
barium and phosphorus. Stone & Werkman have since reported the isolation of 
this phosphate ester from toluene-treated fermentations of propionic acid 
bacteria [1936, 1] and Escherichia coli [1936, 2]. The phosphoglyceric acid is 
believed to arise according to reaction D proposed by Meyerhof & Kiessling 
[1935] for alcoholic fermentation. Catalysed by hexosediphosphate: 

Glucose + 2H;PO,+2CH,CHO — primary ester +2CH,CHO, 
+ 2 phosphoglyceric acid + 2CH,CH,OH. 
Sodium fluoride is added to prevent further dissimilation of phosphoglyceric 
acid while toluene apparently aids in its production. Wood et al. [1937] showed 
that neither sodium fluoride, toluene nor added hydrogen acceptor was necessary 
for the formation of the ester by the propionic acid bacteria; however, these 
substances or similar compounds were required to produce significant quantities. 
1 Supported by Industrial Science Research Funds of Iowa State College. 
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Because of the ease of formation of phosphoglyceric acid by yeast, the pro- 
pionic acid bacteria and Esch. coli, it was considered desirable to determine 
whether the ability to form this ester is a property of bacteria in general. The 
propionic acid and colon bacteria have been chosen for further study of some 
of the conditions affecting formation of the ester. 


EXPERIMENTAL 


The procedure followed in the isolation of phosphoglyceric acid was based 
on the method of Vercellone & Neuberg [1935] for the production of the ester by 
yeast. This method requires the addition of hexosediphosphate. However, it 
has been found that when phosphoglyceric acid is obtained with the addition of 
the hexose ester, it can be obtained also from glucose alone by preceding the 
regular incubation period with a phosphorylation period as described by Neuberg 
& Kobel [1933, 2]. The organisms were cultured in large flasks of broth (usually 
101.), removed by passing the liquid through a supercentrifuge and used 
immediately. The experiments were based on the following quantities of re- 
actants: 7 g. moist cell paste, 7 ml. 0-67.M phosphate buffer, 6 ml. 20% glucose, 
5 ml. 2-5°% sodium hexosediphosphate, 0-1 ml. 1% MgCl, and 1 ml. toluene. 
The quantities of 0-2.M NaF and 2% acetaldehyde, or other hydrogen acceptor, 
were varied according to the experiment. The final volume of the mixture was 
adjusted to approximately 35 ml. with distilled H,O. 

The buffer was prepared by mixing 500 ml. of 0-67. M Na,HPO, and 150 ml. 
of 0-67 M KH,PO,, resulting in a pH of 6-85. 

The hexosediphosphate solution was prepared from the commercial calcium 
salt by precipitating the calcium with Na,C,0,. About 15% of the phosphorus 
in the resulting solution was not hydrolysed in 2 hr. at 100° in N HCl—this was 
presumably present as hexosemonophosphate. 

The reactants were well mixed and warmed and the cotton-stoppered flasks 
were incubated for a specified time at 37° with frequent shaking. At the ter- 
mination of the incubation period, the flasks were chilled and placed at 5°. The 
mixtures were treated within 24 hr. to obtain any phosphoglyceric acid present. 
The inorganic phosphate was precipitated by addition of 4 ml. of 20% Mg 
acetate and a few drops of 20°, NH, solution. The mixture was centrifuged and 
the supernatant liquid treated with 3-5 ml. glacial acetic acid and 1-7 ml. 50% 
barium acetate. The precipitate sometimes formed at this point was removed 
immediately by centrifuging. The supernatant liquid was placed at 5° and if a 
considerable quantity of phosphoglyceric acid was present, the barium salt 
crystallized out in 24-48 hr. If no crystals formed after 2 days, alcohol was added 
equivalent to about 10% of the volume of the liquid. If still no precipitate 
resulted in 2 days, a like volume of alcohol was added. 

The crystalline barium salt of phosphoglyceric acid was filtered, dried and 
weighed. In case of the first isolation from an organism or where any doubt 
existed concerning the nature of the precipitate, the ester was purified by solution 
in 70 times its weight of 0-05.NV HCl and reprecipitation by addition of twice this 
volume of alcohol. The identification was based on the optical rotation of the 
ester [x]?°= —13+0-3°, phosphate analysis and microscopical examination of 
crystals. The Sr and Ca salts can also be used to identify phosphoglyceric acid 
by microscopic examination. 

A rough measure of the phosphate uptake was made available by centrifuging 
out the MgNH,PO, precipitate in graduated centrifuge tubes and comparing 
the amount with that obtained from a control at 5°. 
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(1) The formation of phosphoglyceric acid by the propionic acid bacteria 


Two species of propionic acid bacteria were used, Propionibacterium 
arabinosum and P. pentosaceum (described by Werkman & Brown [1933]). The 
bacteria were grown in a medium consisting of 0-5 % glucose, 0-3 °% Difco yeast 
extract and 0-2% K,HPO, and incubated for 3 days at 30°. From 3 to 4 g. of 
moist cell paste per litre of culture medium were obtained on centrifuging. 

In Table I are given the results of several experiments showing the yields of 
salt and approximate phosphate uptake (based on the total 35 ml. mixture) 
under varying conditions of time, fluoride and acetaldehyde concentrations ete. 


Table I. Formation of phosphoglyceric acid by Propionibacterium arabinosum 
and P. pentosaceum* 


90/ 
<-/o 


0-2M acetalde- Phosphate Yield 

Time NaF hyde uptake of salt 
Exp. hr. ml. ml. Special treatment mg. mg. 
41 4 1-0 4-2 — 65 73 
4 1-5 4-2 — 75 80 
6 1-5 8-4 — 85 116 
6 2-0 8-4 — 90 119 
65 4 1-5 8-0 _— 75 112 
6 15 8-0 — 95 143 
4 1-5 8-0 Aerated 75 139 
6 1-5 8-0 Aerated 90 174 
4 1-5 8-0 Nitrogen 80 104 
6 1-5 8-0 Nitrogen 55 114 
69 6 2-0 8-0 — 60 101 
6 2-0 8-0 Aged 6 days 30 4 
74 5-5 2-0 8-0 Worked up at once 75 24 
5-5 2-0 8-0 Worked up in 2 days * 55 66 
5-5 2-0 8-0 Worked up in 17 days 80 74 
86 6 2-0 8-0 — 30 127 
6 2-0 8-0 Aged 1 day 30 93 
6 2-0 8-0 Aged 3 days 35 52 
6 2-0 8-0 Aged 7 days 20 7 


* P. pentosaceum was used in Exp. 86 only. 


Exp. 41 indicates that a change in time, in acetaldehyde or fluoride may in- 
fluence the formation of the ester. In Exp. 65 aeration is shown to increase the 
yield of phosphoglyceric acid, whereas if nitrogen is passed through the reaction 
flask instead of air there is less product formed than in the cotton-stoppered 
controls. The action of the air may be due to oxygen acting as a hydrogen 
acceptor to supplement acetaldehyde. Exps. 69 and 86 show that to obtain 
phosphoglyceric acid it is advisable to use the organisms immediately after 
removal from the original medium. The “‘ageing”’ was carried out by storing the 
moist paste at 5° in a sterile Petri dish. There was very little loss of moisture, 
but the activity of the phosphoglyceric acid enzyme system fell off rapidly with 
time of storing. It is noteworthy that there is some correlation between the 
phosphate uptake and quantity of phosphoglyceric acid obtained. It is also 
apparent that there is much more phosphate esterified than can be accounted 
for by the yields of ester even if it is assumed that the methods are only 50% 
efficient for the smaller yields. It is probable that the phosphate may be held 
as an intermediate ester, perhaps a precursor of phosphoglyceric acid. Exp. 74 
lends support to this suggestion. Several fermentations were run under the 
same conditions, and the yield of phosphoglyceric acid determined after varying 
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times of storage at 5°. As the time of storage lengthened, the yield of ester 
increased, with no corresponding increase in phosphate uptake; an indication 
that some intermediate ester may be undergoing a slow conversion into phospho- 


glyceric acid. 


(2) The formation of phosphoglyceric acid by the colon-aerogenes bacteria 


Two typical members of the colon-aerogenes group were chosen for study, 
Aerobacter indologenes and Escherichia coli. The isolation of phosphoglyceric 
acid from the glucose fermentation (without hexosediphosphate) of these 
organisms has been reported by Stone & Werkman [1936, 2]. The results given 
in Tables II and III show the effects of various conditions on yields of the 


Table II. Formation of phosphoglyceric acid by Aerobacter indologenes 


Time 


Ss 
bd 


Exp. 


62 


66 


83 


90 


92 
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Table IIT. 


H 
Exp. 


2 ml. 0-2. M NaF unless otherwise noted 


H acceptor 
ml. 
Acetaldehyde 8 
Acetaldehyde 8 

None 
None 
Acetaldehyde 8 
Acetaldehyde 8 
Acetaldehyde 8 
Acetaldehyde 8 


Acetaldehyde 8 
None 

Pyruvate 8 
Ame. 8 
Propaldehyde 8 
Acetaldehyde 8 
Acetaldehyde 8 
Acetaldehyde 8 
Acetaldehyde 8 
Acetaldehyde 8 
Ame. 8 

Ame. 8 

Ame. 8 
Acetaldehyde 8 
Acetaldehyde 8 
Acetaldehyde 8 


Phosphate 
uptake 

Special treatment mg. 
_- 60 
No toluene 30 
1 ml. NaF 25 
1 ml. NaF, no toluene 25 
_— 20 
Xylene, no toluene 50 
CHCIl,, no toluene 20 
No toluene —20 
—- 20 
— 20 
- 20 
— 30 
—_ 35 
~- 35 
Aged 1 day 30 
Aged 3 days 30 
Aged 5 days -10 
Aged 7 days - 5 
— 25 
Aerated 30 
Nitrogen 35 
—- 55 
Aerated 50 
Nitrogen 50 


Yie 


Id 


of salt 
mg. 


152 
1 
42 
0 


48 
68 
60 

6 


99 
27 
123 
169 
58 
102 
79 
90 
30 
7 
90 
140 
102 
34 
64 
38 


Formation of phosphoglyceric acid by Escherichia coli 


Time 6 hr.; 1-5 ml. 0-2.M NaF 


acceptor 
ml. 


91 None 
Acetaldehyde 8 
Ame. 8 
Pyruvate 8 
Propaldehyde 8 


93 Ame. 
Ame. 
Ame. 
Ame. 


94 Ame. 8 


Ame. 
Ame. 
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Phosphate 
uptake 


Special treatment mg. 


_— 40 
— 35 
— 65 
— 50 


— 25 


— 75 
Aged 1 day 60 
Aged 3 days 35 
Aged 7 days 35 

oa 80 
Aerated 75 
Nitrogen 50 


mg. 


88 
165 
234 

79 

93 
345 
310 
178 
260 
245 
452 
319 


“4 


Yield of salt 


96 
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barium salt from toluene-treated mixtures of glucose, hexosediphosphate, etc., 
as outlined above. The organisms were grown in a medium consisting of 0-5 % 
glucose, 0-3 % Difco peptone and 0-2 % K,HPO,, and incubated at 30°. Cultures 
of Aerobacter indologenes were aerated and the organisms removed by centri- 
fuging after 36 hr. The cultures of Escherichia coli were neutralized two or three 
times with NaOH using bromothymol blue as an indicator and centrifuged after 
48 to 60 hr. 

Exp. 62, Table II, shows that acetaldehyde is unnecessary for the isolation 
of phosphoglyceric acid with Aerobacter indologenes. Toluene may also be 
omitted and a small quantity of ester isolated. Exp. 66 indicates that toluene 
is not specific in its action as xylene and chloroform may be substituted with 
good results. Similar findings were reported for the propionic acid bacteria by 
Wood e¢ al. [1937]. A comparison of different hydrogen acceptors, each equivalent 
to 2% acetaldehyde in dehydrogenating capacity, is presented in Exp. 83. 
Pyruvic acid proves to be a good hydrogen acceptor, propaldehyde is fair and 
acetylmethylearbinol (recorded as Amc.) is excellent. Other experiments with 
this organism indicate that acetaldehyde functions as well as pyruvic acid. For 
Escherichia coli, Exp. 91, Table III, only acetylmethylearbinol surpasses acet- 
aldehyde. This organism readily yields phosphoglyceric acid with no added 
hydrogen acceptor present. It is of interest to note that for the propionic acid 
bacteria [Wood et al. 1937] pyruvic acid is a better acceptor than acetaldehyde 
and acetylmethylearbinol is much poorer; while with the colon-aerogenes 
organisms the situation is quite different. 

The effect of ageing is shown in Exps. 90 and 93, Tables IT and III. Appar- 
ently ageing does not diminish yields by Esch. coli as in the case of Aerobacter 
indologenes or the propionic acid bacteria. The formation of phosphoglyceric 
acid under aeration and in the presence of nitrogen is shown in Exps. 92, 94 
and 95. Aeration measurably increases the yield whilst agitation with nitrogen 
gives results comparable with the control. The constant agitation of the mixture 
may be the cause of slightly higher yields under anaerobic conditions. 

As in the results with the propionic acid bacteria there is a correlation 
between the quantity of phosphate taken up and the ester formed. Three values 
in Table II are negative, showing that some of the original hexosediphosphate 
must have been dissimilated to give additional inorganic phosphate. 


(3) Formation of phosphoglyceric acid by various bacteria 


In order to determine whether the occurrence of phosphoglyceric acid is 
general in bacterial glycolysis, several representative species were used. The 
choice was determined by the organisms readily available that gave reasonably 
good growth in appropriate broth cultures. The cells were centrifuged from the 
medium near the end of the log-growth phase and used immediately. The 
isolations were carried out by the previously outlined method of Vercellone and 
Neuberg, based on 7 g. of moist cells. Results are shown in Table IV. In general 
the formation of the ester was accompanied by an uptake of inorganic phosphate, 
but owing primarily to the small yields obtained, the correlation was not signifi- 
cant. It is probable that had further experiments on the most favourable con- 
ditions for the formation of phosphoglyceric acid been carried out, the yields 
could have been materially increased. The results show that phosphoglyceric 
acid can be isolated from the dissimilation of glucose by Serratia marcescens, 
Lactobacillus pentoaceticus, L. plantarum, Bacillus subtilis, B. mycoides, Azoto- 
bacter vinelandii, Streptococcus paracitrovorus, and Staphylococcus albus. 
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Exp. 


44 


or 
~t 


62 


78 
80 
104 


107 


Exp. 
30 
31 
42 


50 


or 
or 


105* 


115t 


Table V. 





Organism 


Serratia marcescens 


” 


Lactobacillus pentoaceticus 


Bacillus subtilis 


” 


Lactobacillus plantarum 


Azotobacter vinelandii 
Streptococcus paracitrovorus 


Streptococcus paracitrovorus 
Bacillus mycoides 


Staphylococcus albus 


” 


0-2M 
Time NaF 
hr. ml. 
4-5 1-5 
6 1 
6 2 
3 1 
4 1 
8 2 
4 1 
6 1-5 
6 15 
9 2-5 
6 3 
4 1 
6 2 
3 1 
6 2 
4 1 
6 2 
4 1 
8 2 


with Clostridium butylicum 


29 


0 
0-2M  acetalde- 
Time NaF hyde 
hr. ml. ml. 
3-5 1-4 8-4 
3-5 1-5 8-4 
3 1-0 4-2 
3 2-0 8-4 
6 1-0 4-2 
6 2-0 8-4 
7-5 2-0 8-4 
4 1-0 4-2 
7-5 2-0 8-4 
8 3-0 12-0 
8 3-0 8-0 
6 2-0 2-0 
8 2-0 8-4 
4 1-0 6-0 
6 1-0 8-4 
6 2-0 8-4 
6 2-0 8-4 
4 3-0 8-4 
4 1-0 6-0 
8 2-0 8-0 
3 1-0 6-0 
6 2-0 9-0 


* Cl. sporogenes. 


Special treatment 


2 ml. 0-2.M Na oxalate 


2 ml. 0-2. M Na oxalate 


2 mil. 0-2 M Na oxalate 
8 ml. 4% ame. 


Anaerobic 
Anaerobic 


2 ml. 0-2 M cysteine 
No toluene 


+ Cl. histolyticum. 


90 

“=f 

acetalde- 

hyde 

ml. 
8-4 
8-4 
8-4 
6 
8-4 
8-4 
8-4 
8-4 
8-4 
8-4 


@ 
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Summary of attempts to isolate phosphoglyceric acid 


Phosphate 
uptake 
mg. 


30 
35 
40 


75 
45 
30 
50 
25 
25 
25 
45 
35 
15 
60 
65 
85 


152] 


Table IV. Formation of phosphoglyceric acid by various bacteria 


Yield 
of salt 
mg. 
22 
35 
20 


95 
35 
42 


13 
10 
14 
Trace 
Trace 
14 
9 
13 


Pre- 
cipitate B 
ml. 


LAD w 
Coan 


aw 
So 


8-0 


o> oO 
°o 


SE WH HIP mOO wos 
Ota aAaananaon aud 


The only organisms failing to yield phosphoglyceric acid after several 
experiments were members of the genus Clostridium. Three species were tested, 
Cl. butylicum, Cl. sporogenes and Cl. histolyticum, and of these a number of trials 


96 —2 
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were carried out with Cl. butylicum using the same procedure as before with 
variations listed in Table V. The organisms were inoculated in large flasks of 
glucose-yeast extract broth under semi-anaerobic conditions and incubated at 
40° for 18-20 hr. Cl. sporogenes and Cl. histolyticum were incubated at 37° in a 
medium containing 2% Difco tryptophan broth and 0-5 % glucose. Crystallized 
liver extract (0-5 %) was added to the medium for Cl. histolyticum. At the point 
in the procedure where acetic acid is added, a considerable amount of a yellow- 
white precipitate, termed precipitate B, came out of solution. The amount 
obtained from each mixture is recorded in Table V in ml. of moist precipitate. 
In experiments with yeast [Stone, 1936] there is a similar precipitation at this 
point and the quantity of the precipitate correlates inversely with the yield of 
phosphoglyceric acid. With most of the bacteria studied, this precipitate was 
altogether lacking or present in negligible quantities. However, with members 
of the genus Clostridium not only were there relatively large quantities of the 
precipitate, but they correlated directly with the phosphate uptake. The pre- 
cipitate in question is converted into a dark brown glue-like mass on drying and 
is evidently not a pure substance, since it contains varying small amounts of 
phosphorus and nitrogen. 


DISCUSSION OF RESULTS 


In order to compare the results of experiments on the isolation of phospho- 
glyceric acid, the significance of the varying yields of phosphoglyceric acid 
should be considered. It seems reasonable to assume that a large yield of ester 
indicates favourable conditions for the corresponding enzymes to function, while 
continued small yields show the presence of the necessary enzyme either in very 
small quantity or functioning under unfavourable conditions. The yields are 
subject to a large variation even within one experiment (i.e. from one culture 
of organisms). Between different experiments the variation is even larger, and 
results must be compared with great caution. 

The isolation of phosphoglyceric acid from every organism studied excepting 
the strict anaerobes (i.e. genus Clostridium) indicates that the ability to form this 
intermediate is widespread among the bacteria. The fact that none of the three 
species of Clostridium formed the ester under the conditions studied, and showed 
a distinctly different chemical behaviour during the experiment, suggests that 
these organisms as a genus do not possess an enzyme mechanism capable of 
producing phosphoglyceric acid. Until more is known of the nature of pre- 
cipitate B, it is difficult to attach any significance to its appearance. However, 
it is quite similar (if not identical) to the substance found in this procedure with 
yeast. Small amounts were formed by several of the bacteria, particularly the 
cocci. As the results on the isolation of phosphoglyceric acid appear to set apart 
the anaerobic organisms, it is possible that the formation of this ester may be 
related to an aerobic dissimilative mechanism. The beneficial effect of aeration 
compared to that of agitation with nitrogen adds support to this idea. However, 
if one attempts to correlate the degree of aerobiosis with ease of formation of 
the ester, it is apparent that the facultative colon organisms or micro-aerophilic 
propionic acid bacteria produce phosphoglyceric acid much more readily than 
the aerobic Bacillus mycoides or Azotobacter vinelandii. The increased yields due 
to aeration may be explained by the action of oxygen as a hydrogen acceptor. 
In this connexion, it is apparent that for best results in experiments of this type 
it is advisable to choose a hydrogen acceptor appropriate to the organism. 
Acetaldehyde is quite satisfactory for yeast and works well with most bacteria. 
However, acetylmethylcearbinol functions much better as an oxidizing agent for 
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the colon-aerogenes group, whereas pyruvic acid is superior to acetaldehyde or 
propaldehyde for the propionic acid bacteria. 

The isolation of phosphoglyceric acid from dissimilations by a number of 
bacteria does not prove that this substance is an intermediate in bacterial 
glycolysis. The fact that it is present, however, indicates that many bacteria 
possess an enzyme system capable of producing the ester. From the standpoint 
of its formation phosphoglyceric acid is more readily obtained than methyl- 
glyoxal in the case of the propionic acid bacteria and the colon-aerogenes 
organisms. However, it is necessary to conduct further investigations on the 
dissimilation of phosphoglyceric acid and other phosphate esters before it can 
be accepted that the Embden-Meyerhof reactions play a primary role in bacterial 
dissimilation. It is possible that there may be two or more mechanisms of gly- 
colysis present in the bacterial cell, one of which gives rise to phosphoglyceric 
acid, and another that may cause breakdown of glucose without involving the 
formation of phosphorylated intermediates. 


SUMMARY 


Phosphoglyceric acid has been isolated from fermentation mixtures using 
Propionibacterium arabinosum, P. pentosaceum, Aerobacter indologenes, Escheri- 
chia coli, Lactobacillus pentoaceticus, L. plantarum, Serratia marcescens, Bacillus 
subtilis, B. mycoides, Azotobacter vinelandii, Streptococcus paracitrovorus and 
Staphylococcus albus. It was not found with Clostridium butylicum, Cl. histoly- 
ticum and Cl. sporogenes. 

Aeration of the fermentation mixtures increases, whilst storing the cells at 
5° decreases, the formation of the ester. Acetylmethylcearbinol is a better 
hydrogen acceptor for use with the colon-aerogenes bacteria than either pyruvic 
acid or acetaldehyde. The possible role of phosphoglyceric acid in bacterial 
glycolysis is discussed. 
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CHEMICAL assay of ascorbic acid in plant and animal tissues, using the redox 
indicator, 2:6-dichlorophenolindophenol is at best only approximate, for the 
method assumes in general that, apart from ascorbic acid, no other substance 
with a reduction potential lower than that of 2:6-dichlorophenolindophenol is 
present in such tissues, whose capacity, therefore, to reduce the indicator is 
taken to represent their ascorbic acid content. When, however, a tissue is 
suspected to contain other indophenol-reducing impurities in addition to 
ascorbic acid, the impurities are sought to be removed by treating the tissue 
extract with mercuric acetate [Emmerie & Van Eekelen, 1934]; but it is again 
doubtful whether all such interfering substances can thereby be completely 
removed. If, on the other hand, ascorbic acid alone in the mixture of indophenol- 
reducing substances of a tissue extract can be oxidized by any means, the 
resultant fall in the indophenol titre of the extract can be legitimately equated 
to its ascorbic acid content. 

Such a means of estimation is afforded in the discovery of an enzyme capable 
of oxidizing ascorbic acid [Szent-Gyérgyi, 1931; Tauber et al. 1935; Srinivasan, 
1935; 1936, 1]. The enzyme oxidizes also d-gluco-ascorbic acid [Zilva, 1936], 
which is, however, antiscorbutically inert [Zilva, 1935]. Excepting for this 
interference, which is highly improbable, from the stereoisomerides of ascorbic 
acid, enzymic estimation of ascorbic acid appears to be the most rational 
amongst the chemical methods. At any rate, the enzymic method will un- 
doubtedly be useful in determining, as it is proposed to determine later, the 
ascorbic acid fraction of the indophenol reduction characterizing tumours, 
urine, aqueous humour and other biological materials. Also, as it now appears 
that ascorbic acid oxidase is widely distributed and is simple of isolation [Szent- 
Gyorgyi, 1931; Zilva, 1934; Tauber et al. 1935; Srinivasan, 1935; 1936, 1, 2; 
Hopkins & Morgan, 1936; Chakraborty & Guha, 1937], the adoption of the 
enzyme for estimating ascorbic acid further commends itself. 

Tauber & Kleiner [1935] were the first to use ascorbic acid oxidase for esti- 
mating its substrate in natural sources and the present investigation is devoted 
to perfecting this new method. In the method as described by Tauber & Kleiner 
the extracts of the test tissues were incubated with the enzyme for unduly long 
periods (30-60 min.), which have been considerably shortened in the present 
investigation by the employment of an active enzyme preparation: thereby, 
autoxidation of indophenol-reducing substances in the tissue extracts has also 
been minimized. Further, in common with other methods, the enzymic estima- 
tion of tissue ascorbic acid has now been carried out at room temperature with- 
out detriment to the accuracy of the estimation. 
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EXPERIMENTAL 


Methods. An active preparation of ascorbic acid oxidase from drumstick, 
Moringa pterygosperma, was prepared by the method of Srinivasan [1936, 1]. 
As now obtained, 1 ml. of this enzyme solution was found to oxidize in 5 min. and 
at room temperature (about 25°) 0-5 mg. of ascorbic acid present in a total volume 
of 5 ml. of reaction mixture buffered at pH 5-3 (Table I). In all subsequent 
experiments, therefore, this quantity of enzyme was used under similar 
conditions. 


Table I. Standardization of ascorbic acid oxidase in terms of 0-5 mg. of 
ascorbic acid 


Reaction mixture: 0-5 mg. of ascorbic acid and 1 ml. of phosphate buffer of pH 5-3 in a total 
volume of 5 ml. Reaction carried out at room temperature. 


% ascorbic acid oxidized 


Quantity of enzyme —_a/—T?———_, 
ml. 3 min. 5 min. 
0-5 57-0 96-4 
1-0 96-4 100-0 


An identical experiment conducted as above, but in the presence of tri- 
chloroacetate ion, in concentration corresponding to 5% trichloroacetic acid, 
showed that this acid in its neutralized state does not affect the activity of 
ascorbic acid oxidase. Hence, in employing the enzyme for the estimation of 
ascorbic acid in a tissue, the usual trichloroacetic acid extract of the tissue 
formed the starting point. The neutralized extract, in aliquots corresponding to 
not more than 0-5 mg. of ascorbic acid (calculated from the indophenol titre), 
1 ml. of phosphate buffer of pH 5-3 and suitable quantities of glass-distilled 
water to make the final volume after the addition of enzyme 5 ml. were treated 
with 1ml. of ascorbic acid oxidase from drumstick. Enzyme action was 
allowed to proceed under vigorous shaking of the reaction mixture at room 
temperature for 5 min., at the end of which interval the contents of the beaker 
were acidified and titrated against a standard solution of 2:6-dichlorophenol- 
indophenol. Control experiments were run under identical conditions, but 
without the enzyme. 

It was then observed, in general, that, while the indophenol-reducing sub- 
stances of a tissue extract in the control experiment did not undergo any change 
beyond minor autoxidation effects, the same substances were almost completely 
oxidized in the solution treated with enzyme. 

Specificity of substrate oxidation by the enzyme. It was, however, necessary 
to show in the first instance that substances other than ascorbic acid in the 
extract were not oxidized by the enzyme. Such evidence was obtained from 
experiments conducted under standard conditions with the juice of sour lime, 
Citrus bergamia, in which the fall in iodine equivalent of ascorbic acid after 


Table II. Determination of ascorbic acid in lime juice by ascorbic acia 
oxidase using both indophenol and iodine for titration 


mg. ascorbic acid per ml. of juice 








obtained by 
Indophenol Iodine 
Original juice 0-71 0-73 
Juice after treatment with enzyme 0-29 0-32 


under standard conditions 
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treatment with the oxidase was almost identical with the corresponding fall in 
indophenol value in a duplicate experiment. Hence in subsequent experiments, 
the diminution in the indophenol titre of an extract after its treatment with the 
enzyme was taken as a measure of the ascorbic acid content of the extract. 
Oxidation of an extract of Indian gooseberry with ascorbic acid oxidase. As a 
known source of ascorbic acid for checking the content by enzymic oxidation 
the Indian gooseberry, Phyllanthus emblica, was chosen, which, even after treat- 
ment with mercuric acetate, was previously found to give a high titre with 
2:6-dichlorophenolindophenol [Damodaran & Srinivasan, 1935, 1, 2]. 5g. of 
gooseberry pulp were extracted with trichloroacetic acid as usual, the extract 
finally made up to 100 ml. and the indophenol titre of an aliquot determined. 
The pH of the extract was then adjusted to 5-3 and a portion of the neutralized 
extract subjected to mercuric acetate-H,S treatment. Aliquots of the original 
and mercury-treated extracts, each corresponding to not more than 0-5 mg. of 
ascorbic acid (calculated from the indophenol titre) were severally treated with 


enzymic oxidation, the reaction mixture was acidified and titrated with the 
indophenol reagent. Together with the titration of the extract at different 
stages, the corresponding time of titration, reckoned from the treatment of the 
material with trichloroacetic acid, was also noted, to find out the extent of 
autoxidation of the indophenol-reducing substances in the extract. 

Experiments with ascorbic acid. As a comparative study, the above series of 
experiments was repeated under identical conditions with a solution of ascorbic 
acid (0-46 mg./2 ml.). The values thus obtained in the two sets of experiments 
with gooseberry and ascorbic acid are recorded together in Table ITI. 


Table III. Effect of ascorbic acid oxidase on gooseberry extract and 


ascorbic acid solution before and after mercury treatment 
Ascorbic 
equivalent 
of the 
enzyme- 
resistant 


Time of 

titration 

reckoned 
from treat- 


mg. of ascorbic acid 








Per 2 ml. 


and Hg- 
non-pre- 
cipitable 
residue 


True 
ascorbic 
acid con- 


in goose- tent of 
berry goose- 
extract berry 
mg./g. mg./g. 
(A) Trichloroacetic acid extract of gooseberry or 45 0-40 0-44 4-4 0-15 4-25 
ascorbic acid titrated both before and after 
enzyme action 


Per g. of 
goose- 
berry 
extract 


ment with Solu- 
trichloro- tion of 
acetic acid ascorbic 

Treatment min. acid 


Goose- 
berry 
extract 


(B) pH of (A) adjusted to 5-3: supernatant liquid, 95 0-35 0-40 4-0 -- 
after centrifuging, titrated just before mercury 
treatment 

(C) 25 ml. of (B) treated with mercuric acetate + 95 0-35 0-38 3-8 0-15 4-25 

H,S, final volume made up to 50 ml. and allowed 

to stand overnight: then H,S-free aliquot, equi- 

valent to twice that of B (or A), titrated both 

before and after enzyme treatment 


From the results obtained it was observed that subjecting gooseberry extract 
and a solution of ascorbic acid of equal strength to similar treatments affected 
their indophenol-reducing values to almost the same degree. Further, most of 
the reducing factor in gooseberry was oxidized by ascorbic acid oxidase. Hence, 
it appears safe to conclude that the original indophenol titre of gooseberry 
extract nearly represents its ascorbic acid content. 


i 
ascorbic acid oxidase under known conditions and, at the end of 5 min. of 
' 
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At the end of 5 min. of enzymic action, however, the gooseberry extract, 
either the original, or, the mercury-treated, in contradistinction to the solution 
of ascorbic acid, was still capable of reducing, though to a small extent, the 
indophenol reagent. This indophenol titre persisted even after prolonged and 
intensive treatment of the extract with ascorbic acid oxidase, which by itself 
had no effect on indophenol. Thus, the presence in gooseberry of an indophenol- 
reducing impurity, resistant to enzymic action and not precipitable by mercuric 
acetate, was clearly indicated. To the extent represented by this small, but 
persistent indophenol titre, then, should the original apparent ascorbic acid 
value of the extract be taken to be in excess of the true value. 

The extent of substrate oxidation by ascorbic acid oxidase was found to be 
the same in the mercury-treated extract as in the original, implying that the 
mercury-precipitable impurities, inclusive of those giving a colour with FeCl,, 
present in gooseberry extract [Damodaran & Srinivasan, 1935, 1, 2], were not 
necessary for the specific action of the enzyme, nor were they attacked by the 
enzyme. 

There now remains to be explained the observed gradual diminution in the 
original ascorbic acid value of the gooseberry extract during the course of its 
various treatments. From the behaviour of the extract compared with that of a 
solution of ascorbic acid, the lowering in the indophenol-reducing value of the 
gooseberry extract after mercury treatment must be attributed, not to the 
removal thereby of indophenol-reducing impurities, as was previously done 
[Damodaran & Srinivasan, 1935, 1, 2], but to unavoidable losses of ascorbic acid 
through adsorption on impurities precipitated by mercury [Fischer, 1934; 
Euler & Malmberg, 1935] and/or by oxidation. The latter cause, induced by the 
extractants (trichloroacetic acid and water) and atmospheric oxygen, is un- 
doubtedly responsible for the fall in the indophenol titre of ascorbic acid solution, 
or to a less extent, of the protected gooseberry extract [Damodaran & Rama- 
krishnan Nair, 1936] during the period preceding the mercuric acetate-H,S 
treatment. On the other hand, the small discrepancy between the indophenol- 
reducing values of gooseberry extract just before and after mercury treatment is 
an adsorption effect that does not arise in a pure solution of ascorbic acid under 
similar treatment. 

Hence, it becomes increasingly evident that the substance almost wholly 
responsible for the reduction of indophenol in gooseberry extract is ascorbic 
acid, the quantity of which in that source has now been correctly assessed with the 
aid of the oxidase. 

Enzymic estimation of ascorbic acid in other sources. The ascorbic acid values, 
obtained after enzymic action, of materials previously found by the Tillmans 
titration to be rich sources of the vitamin [Damodaran & Srinivasan, 1935, 1, 2] 
are given in Table IV, wherein the correction due to extraneous reducing factors 


Table IV. Ascorbic acid content of materials as determined by enzymic 


action 
Ascorbic acid 
equivalent of the 
Ascorbic acid enzyme-resistant 


value before and Hg-non- 
enzyme precipitable True ascorbic 
Material treatment impurity acid value 


Q 


0-09 mg./g. 2-71 mg./g. 


Drumstick, Moringa pterygosperma, pods 2-80 mg. 
‘ 0-05 mg./g 2-09 mg./g. 


Agati, Sesbania grandiflora, leaf 2-14 mg. 


Orange (Sautgur), Citrus aurantium, juice 0-70 mg./ml. 0-01 mg./ml. 0-69 mg./ml. 
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has been derived after varying both the time of enzymic action and the quantity 
of enzyme. 

The quantity of indophenol-reducing impurities in the pods of Moringa 
pterygosperma and in the leaf of Sesbania grandiflora, as now determined by the 
resistance of these. impurities to enzymic oxidation, was found to be small. A 
similar result was obtained previously (Damodaran & Srinivasan) from the 
approximate equality of the ascorbic acid values, as calculated from iodine and 
indophenol titres of the extracts of these materials. 

In contrast to the common variety of orange, which is characterized by con- 
siderable quantities of enzyme-resistant indophenol-reducing impurities [cf. 
Tauber & Kleiner, 1935], the Sautgur orange, a local variety of Citrus aurantium, 
was found to possess very much less of these impurities, suggesting its nearness, 
in this respect, to the lemon, whose capacity to reduce indophenol is known to 
be due wholly to ascorbic acid. 


Discussion 


The ascorbic acid values of the tissues after treating their extracts with the 
enzyme were repeatedly found to be lower in every case studied than the original 
values of the extracts. This lowering, which was no doubt small, but persistent, 
even after prolonged and intensive enzymic treatment of extract purified by 
precipitation with mercuric acetate, must be entirely ascribed to an impurity in 
the experimental tissues. That the difference is not due to experimental error is 
proved by the fact that identical values are obtained before and after enzymic 
treatment of a solution of pure ascorbic acid. 

Similarly, only small quantities of impurities were detected by Tauber & 
Kleiner [1935] in the sources of ascorbic acid examined by them. It is not un- 
likely, however, that in materials like urine and tumour extracts, to mention a 
few instances now believed to abound in indophenol-reducing impurities, the 
enzymic method will demonstrate the difference between the true ascorbic acid 
value and that obtained by the usual Tillmans titration. As it is difficult to fore- 
see the presence and the quantity of indophenol-reducing impurities in sources 
to be tested for ascorbic acid, the enzymic treatment of the test extracts, like 
the treatment with mercuric acetate-H,S in some cases, seems to be essential for 
a correct estimation of ascorbic acid. 


SUMMARY 


1. Experimental conditions for estimation of tissue ascorbic acid with the 
aid of its oxidase were determined. 

2. On applying this new technique to a few sources of ascorbic acid, the 
presence therein of small quantities of indophenol-reducing impurities, in 
addition to ascorbic acid, was detected by the resistance of these impurities to 
enzymic oxidation. It was also found that mercuric acetate did not precipitate 
these impurities. 

3. The correct amount of ascorbic acid present in a few of its previously 
known sources was estimated. 


In conclusion, the author’s thanks are due to Prof. V. Subrahmanyan for his 
kind interest in this investigation. 
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Srvc the original description by Allbright et al. [1929] of increased phosphate 
excretion following the injection of parathormone, numerous investigators have 
been searching for the site of this action; evidence has gradually been accumu- 
lating that it is the phosphate excretory mechanism in the kidneys which is 
acted upon by parathormone. 

Using cross-transfusion experiments in animals Brull [1936] concluded that 
parathormone lowers the renal threshold for phosphate, as suggested by Ells- 
worth [1932], although there is no definite evidence that such a threshold exists. 
Brull’s experiments show that when the same blood is transfused through 
two kidneys, one of which is in a normal animal, the other in an animal that has 
previously had an injection of parathormone, the second kidney excretes phos- 
phate at a considerably greater rate than the first; this difference persists for 
some time after the parathormone has ceased to circulate in the blood of the 
injected animal. 

Further evidence for the renal action of parathormone is put forward by 
Tweedy e¢ al. [1935; 1936; 1937] who show that in nephrectomized dogs there 
is no such rise in serum calcium in 24 hr. following the parathormone injection 
as occurs in normal animals. Later experiments by the same authors [1936] 
confirm these results, which are however at variance with those of Ellsworth & 
Futcher [1935]: Collip et al. [1934] also maintained that the bones of neph- 
rectomized dogs were depleted of calcium to the same degree as normals. 

Goadby & Stacey [1935] demonstrated that in cases of severe renal damage 
the phosphate diuresis following parathormone injection was much less than in 
normals: in one case of acute nephritis it was low during the acute illness, after 
recovery it was increased fourfold and was comparable with normals. 

This present paper gives the findings in six further cases of acute nephritis, 
during the acute stage and after recovery. 


METHODS 


All the patients were on a standard low protein diet, the protein being 
restricted to 2/3 g. per kg. body weight per day; they were allowed their meals 
and fluids during the experiments; the conditions during the experiments in 
the acute stages and after recovery were the same. 

Owing to the very greatly increased phosphate excretion after parathormone 
it was considered unnecessary to do phosphate excretion curves; the total 
phosphate excretion in the urine was therefore estimated in two 6-hr. periods, 
from 6 a.m. to 12 noon (the control period), from 12 noon to 6 p.m., the subject 
having received an intramuscular injection of 60 units of parathormone (Lilley) 
at 12 noon. 

( 1530 ) 
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Urinary inorganic phosphate. Albumin when present was precipitated by 
adding an equal volume of 20 % trichloroacetic acid to an aliquot portion of the 
urine. The estimation was done on the filtrate by the Youngburg [1930] technique 
using a photoelectric instrument devised by the author for the colorimetry. 


DISCUSSION 


From the figures given in Table I it is clear that the effect of parathormone 
on phosphate excretion was far less when the patients were suffering from the 
clinical condition of acute nephritis than it was when they had recovered. 








Table I Experimental 
Phosphate 
Extra concen- Urine 
phosphate tration volume 
Clinical Urine excretion change change 
———“~“ / ; in 6 hr. + or — + or — 
Case Age Oedema B.P. B.U. U.C.T. alb. casts mg. mg./100 ml. ml./6 hr. 
Response of individuals with acute nephritis to 60 units parathormone during acute stage 
1 14 + 128/82 33 1-2 ++ ~ 206 + 65-8 + 5 
2 14 + 172/102 72 — +++ + 30 + 30-9 — 345 
3 61 +++ 135/100 56 2-9 +++ + 18 — 32-0 + 60 
4 16 0 120/68 25 — ++ + 120 + 50 +250 
5 13 0 112/74 40 — + + 16 + 2-7 + 15 
6 17 + 145/90 — — + Few 85-3 +195 + 88 
Response of individuals with acute nephritis to 60 units parathormone after recovery 
] 0 122/62 — 2-4 0 0 349-6 +41-0 +355 
2 _ 0 120/44 25 2-2 Trace 0 335-0 + 84-0 + 62 
3 0 110/60 — 1-6 Trace 0 201-7 +175 +675 
4 — 0 106/60 26 2-5 0 0 287-0 + 73-8 - 5 
5 — 0 120/74 — -- + 0 259-0 +39-9 — 100 
6 — 0 — 28 _— 0 0 389-0 + 60-0 +195 


B.P.=blood pressure in mm. Hg. B.v.=blood urea in mg./100 ml. U.c.t.=maximum concentration of 
urine-urea in urea concentration test. alb.=albumin. 


Some control experiments were done on various cases under the same con- 
ditions of diet, fluids etc.; in these the phosphate excretion in the two 6-hr. 
periods was estimated without the midday injection of parathormone: the 
results are given in Table II and can be seen to be very irregular: usually there 


Table II. Extra phosphate excretion in second 6 hr. 


mg. + or — 
Without With 
Case parathormone parathormone 
1. Acute nephritis +190-6 +206 
2. Acute nephritis + 61-0 + 30 
7. Acute nephritis, recovered + 75-0 + 180-5 
8. Acute nephritis, recovered + 11-9 + 350-6 
9. Congenital cystic kidneys. Uraemia + 69-8 2-6 
10. Acute nephritis — 73-0 + 45 
11. Acute nephritis + 34 — 99-0 


is rather more phosphate excretion in the second period than in the first: in 
two cases of acute nephritis and one of congenital cystic kidneys with gross 
renal failure there was actually less extra phosphate excretion after parathor- 
mone than occurred naturally. 
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It seems doubtful in view of these control experiments whether the small 
extra phosphate excretion in the acute stages of acute nephritis (Table I) can be 
attributed to the parathormone at all. 

If then parathormone has little or no effect on phosphate excretion during 
acute nephritis, and on the patient’s recovery a normal phosphate diuresis is 
found, the hypothesis that one action at least of parathormone is directly on 
the kidneys is greatly strengthened. Goadby & Stacey [1935] showed that it 
is not a rise in the blood phosphate that produces the extra phosphate excretion. 

The main hypothesis is further strengthened by the fact that the effect of 
parathormone is more reduced the more severe is the impairment of renal 
function as shown by the blood urea etc. Thus in cases 1 and 4 where the 
nephritis was relatively mild there was quite a considerable phosphate diuresis 
after parathormone, the excretion being raised to three times and twice that of 
the control period; on recovery, it was raised to six times and four times re- 
spectively. In the two severe cases, 2 and 3, parathormone increased the 
excretion only by one-third and one-tenth during the acute illness, whereas on 
recovery the rise was to nine times and fourteen times the control period 
excretion. 

Parathormone usually, but not always, produces a water diuresis, but this 
is very variable and the extra excretion of phosphate is independent of this, as 
was shown originally by Goadby & Stacey and has since been confirmed by 
Ellsworth & Nicholson [1935]. 

The degree of parathormone effect does not run parallel with the natural 
rate of phosphate excretion as shown by the control period beforehand: in fact 
during the acute stage the natural phosphate excretion rate in the control 
period was in four cases out of six higher than after recovery. 

Parathormone produces an increased phosphate excretion independent of 
water diuresis (case 5 recovered) or of increased concentration in the urine 
(case 3 acute). Presumably the magnitude of one effect is nearly always suffi- 
cient to overcome even a diminution in the other: that this hypothesis may be 
true is supported by the results from two cases of acute nephritis, not in this 
series, in both of which there was less phosphate excretion after parathormone 


than before (Table ITT). 








Table III 
Control period After parathormone 
~ c 5 ‘ 
: Phosphate Phosphate Phosphate 
Urine concen- Phosphate Urine concen- Phosphate excretion 
volume tration excretion volume tration excretion variation 
Case ml./6 hr. mg./100 ml. mg./100 ml. ml./6 hr. mg./100 ml. —_—mg./6 hr. mg./6 hr. 
A 186 90-3 168 171 40-4 69-0 — 99-0 
B 348 23-5 82 158 27-7 43-7 — 38-3 


Unfortunately there was no opportunity to test these patients after recovery. 

The exact mechanism of the action of parathormone remains yet to be dis- 
covered. Ellsworth & Nicholson have observed an increased excretion of Na 
and K ions after parathormone and suggest that this is its primary effect, the 
phosphate diuresis being secondary. 


SUMMARY 


1. In persons suffering from acute nephritis parathormone produces a much 
smaller phosphate diuresis than when they have recovered. 

2. The hypothesis that parathormone acts directly on the kidneys to produce 
an increase of phosphate excretion is thus confirmed. 
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} My thanks are due to the Physicians of St Thomas’s Hospital for permission 
} to use their cases. 
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Sutton, Surrey 


(Received 24 July 1937) 


TuHE observation that horse serum albumin can be separated into fractions of 
widely different properties led to the preparation of two proteins, namely 
erystalbumin, which is carbohydrate-free, and seroglycoid, a new serum protein, 
to which is due the greater part of the polysaccharide content of horse serum 
albumin [Hewitt, 1934; 1936; 1937]. Some 10-20% of horse serum albumin 
consists of seroglycoid which, when isolated, has very characteristic properties, 
not being heat-coagulable or precipitable by 2% trichloroacetic acid. The 
present experiments were conducted with a view to determining whether horse 
serum is unique in this respect or whether proteins similar to seroglycoid occur 
in the blood serum of other animals. 


FRACTIONATION METHODS 


Globulins were removed from sera by addition of an equal volume of saturated 
ammonium sulphate solution either to the undiluted serum or after dilution 
with water. The filtrates containing the albumin were fractionated by salting 
out with ammonium sulphate and acetic acid, and further purification of the 
seroglycoid fractions was effected by heat coagulation or treatment with 2% 
trichloroacetic acid. The course of the fractionations was followed by carbo- 
hydrate determinations as described in previous papers. Results were calcu- 
lated as before, assuming that galactose-mannose-glucosamine is the carbo- 
hydrate present in serum proteins, and the figures quoted throughout the paper 


are in terms of this trisaccharide. 
Ox serum 


After removal of the globulins from ox serum by means of ammonium 
sulphate, addition of acetic acid to the filtrate containing the albumin fraction 
precipitated a protein which after seven reprecipitations contained a little less 
than 0-3 % of trisaccharide and was therefore largely composed of crystalbumin. 
Further fractionation was effected by dissolving in water, removing the first 
precipitate produced on adding ammonium sulphate and collecting and dialysing 
the fraction precipitated on further addition of ammonium sulphate. This 
fraction contained less than 0-15 % of trisaccharide. 

From the mother liquor of the first precipitation of crystalbumin a fraction 
was recovered containing 4 % of trisaccharide. Refractionation with ammonium 
sulphate separated this into a sparingly soluble portion containing 1-6°%, and 
a readily soluble fraction containing 6 % of trisaccharide. To a solution of this 
last fraction 2% of trichloroacetic acid was added and the precipitate was found 


to contain 5-5°% and the unprecipitated seroglycoid 8-2 % of trisaccharide. 
( 1534 ) 
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Fractionation by similar methods of a further small sample of ox serum 
yielded similar results. The first salting-out processes yielded a sparingly soluble 
erystalbumin fraction containing 0-6% of trisaccharide and a readily soluble 
fraction containing 6% of trisaccharide. This latter fraction was heated in a 
boiling water-bath first at pH 6 and then at pH 4-7 as described in the case of 
horse seroglycoid [Hewitt, 1937] and yielded a coagulum containing 5% and 
uncoagulated seroglycoid containing 7-6 % of trisaccharide. 

Thus in each fractionation a seroglycoid fraction was obtained readily soluble 
in ammonium sulphate and containing about 8% of trisaccharide. As in the 
case of horse seroglycoid the protein was not coagulated when heated, or 
precipitated by 2% trichloroacetic acid, but it was relatively less readily pre- 
cipitated by ammonium sulphate than horse seroglycoid. The fraction con- 
taining 6% of trisaccharide had an optical rotatory power, [«]546,, of —52-5°, 
which, as in the case of horse seroglycoid fractions, is considerably lower than 
that of crystalbumin, which has a rotation of about —78°. 

A sample of ox serum pseudoglobulin examined contained 3-3% of tri- 
saccharide and the total albumin fraction about 2 % of trisaccharide. This would 
correspond, after making allowance for the presence of other glycoproteins, to 
about 20% of the albumin fraction consisting of seroglycoid. 


Rabbit serum 


With rabbit serum the fractionation proceeded rather differently from those 
previously described, in that the fractions most readily precipitated by am- 
monium sulphate were richer in seroglycoid than the more soluble fractions. 
In a typical fractionation process, after removal of globulins by means of 50% 
saturated ammonium sulphate solution, the first precipitate obtained on addition 
of acetic acid was reprecipitated several times and then contained 4% of 
trisaccharide, whilst a mother liquor fraction contained only 0-3 °%. In another 
fractionation the total albumin filtrate was treated with ammonium sulphate 
and the protein first precipitated contained 6% of trisaccharide. To a solution 
of this protein trichloroacetic acid was added and the precipitate contained 
43% of trisaccharide and the unprecipitated seroglycoid contained 7-8°% of 
trisaccharide. From rabbit serum therefore it has been possible to separate a 
crystalbumin fraction and a seroglycoid fraction containing a little less than 8 % 
of trisaccharide. Unlike the seroglycoid obtained from ox or horse serum 
rabbit seroglycoid is relatively much more easily precipitated by ammonium 
sulphate than the crystalbumin fraction. A rabbit serum globulin preparation 
contained 3-9 % of trisaccharide. 


Human serum 


The relative solubilities of the fractions of human serum albumin resembled 
those of ox serum rather than those of the other animals examined. In the first 
fractionation the least soluble fraction contained 0-5°% and the most soluble 
fraction 4-1 °% of trisaccharide. By further salting-out processes the low value 
was reduced to 0-3°%. The seroglycoid fraction was purified by heating at the 
isoelectric point when the coagulum was found to contain 1-2% and the un- 
coagulated seroglycoid 8-6°% of trisaccharide. In a second fractionation the 
original salting-out processes yielded a crystalbumin containing 0-3°% and a 
seroglycoid fraction containing 5-9% of trisaccharide. The optical rotatory 
powers, [«];4,,, of the fractions containing 0-5, 4-1 and 5-9 % of polysaccharide 
were respectively —72°, —59° and —56°. Like the other sera examined human 
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serum albumin, therefore, can be separated into a crystalbumin and a sero- 
glycoid fraction. A specimen of human serum globulin was found to contain 
3°8 % of trisaccharide. 
Chicken serum 

A small amount of chicken serum was subjected to a preliminary fractionation 
process and yielded a sparingly soluble albumin fraction containing 0-6 °% of 
trisaccharide and a readily soluble fraction containing 5 % of trisaccharide. Just 
as in the case of the other sera therefore the chicken serum albumin was divisible 
into a low carbohydrate (crystalbumin) fraction and a high carbohydrate 
(seroglycoid) fraction. The pseudoglobulin fraction of the serum contained 4-6 % 
of trisaccharide. 

Discussion 


The albumins of horse, ox, rabbit, chicken and human sera each behave 
characteristically when fractionated, the relative ease of precipitation of the 
components showing some variation, but in each case it has been possible to 
separate the albumin into two fractions of widely different properties. It is not 
claimed that completely pure proteins have been isolated, but there has been 
with each serum investigated a broad separation into a crystalbumin fraction 
with a low polysaccharide content and a seroglycoid fraction containing con- 
siderable quantities of polysaccharide. In Table I are summarized the tri- 
saccharide contents of the extreme fractions obtained. 


Table I. T'risaccharide contents of extreme fractions of various sera 


(Calculated as g. of galactose-mannose-glucosamine per 100 g. of protein) 


Lowest value Highest value 
(erystalbumin (seroglycoid 
Serum fraction) fraction) 
Horse 0-05 10-0 
Ox 0-15 8-2 
Rabbit 0-3 7-8 
Human 0-3 8-6 
Chicken (preliminary (0-6) (5-0) 


fractions) 


With chicken serum which had been subjected to only a preliminary fractiona- 
tion the degree of purity of the fractions was less than in the other cases. The 
extent to which the fractionation of the albumin can be carried depends upon 
the amount of material and time available and also upon conditions of con- 
centration, temperature, pH etc. Thus in the fractionation of one specimen of 
horse serum the filtrate after removal of the globulins was divided into two 
equal parts. From one half a small crystalline precipitate of albumin was col- 
lected and from the other a large amorphous precipitate. The first precipitate 
consisted of 2-3 g. of crystalbumin containing 0-14 % of trisaccharide and the 
other of 7-9 g. containing 0-6 % of trisaccharide. Evidently the small precipitate 
was a much purer specimen of crystalbumin than the larger. 

Although, as already stated, the relative solubilities of the fractions vary 
with the different sera the same general properties are seen in the fractions 
obtained from the different animal species. In each case the crystalbumin 
fraction with its low carbohydrate content had a higher optical rotatory power 
and was relatively colourless, whilst the seroglycoid fraction with its high 
content of trisaccharide had a lower rotatory power, was pigmented and, when 
isolated, was not coagulated by heat or precipitated by 2 % trichloroacetic acid. 
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Lustig & Ernst [1937] have recently examined the protein carbohydrate 
content of the sera of a number of animal species. Their results are quoted in 
terms of glucose and these have been roughly recalculated in terms of galactose- 
mannose-glucosamine (g.m.g.). In Table II are summarized Lustig & Ernst’s 
results for whole serum and the results described in the present paper for 
various globulin preparations. 


Table II. Carbohydrate contents of sera and globulin fractions 
(Calculated as g. of g.m.g. per 100 g. protein) 


Whole serum 


Animal (Lustig & Ernst) Globulin 
Horse 2-4 3-0 
Ox 3-2 3-3 
Rabbit 2-4 3-9 
Human 3-2 3-8 
Chicken 5-0 4-6 


Normal horse and ox serum albumin contain about 2% of trisaccharide. 
After making allowance for other glycoproteins, etc., this corresponds to about 
20% of the albumin fraction being seroglycoid. 


SUMMARY 


1. Seroglycoid fractions have been obtained from human, horse, ox, rabbit 
and chicken blood serum. 

2. Although the fractionations have varied to some extent with the different 
animals the general properties of the seroglycoid fractions are similar. 

3. Besides containing considerable amounts of carbohydrate, seroglycoids 
differ from crystalbumins in their lower optical rotatory power and in not being 
coagulated by heat or precipitated by 2% trichloracetic acid. 
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IN a previous communication [Grant, 1936] it was reported that only a limited 
secretion of milk, of low lactose content (0-4%), was reinstated when the 
regressing mammary glands of female guinea-pigs were subjected to the influence 
of the anterior pituitary lactogenic hormone, prolactin, in daily amounts of 
45-80 pigeon crop-sac units [Riddle e¢ al. 1933]. In the present investigation 
it has been found that amounts up to 800 Riddle units of prolactin daily are 
equally ineffective in inducing the secretion of normal amounts of milk pos- 
sessing a normal lactose concentration. 

The acinar tissue of such regressing mammary glands requires to be re- 
conditioned before it can again enter upon another cycle of secretion. This has 
been accomplished by the administration of the hormones oestradiol and 
progesterone. These hormones, given together, stop the limited secretion of 
the regressing mammaries, which then undergo a development of the nipple and 
duct regions. This is followed by a pronounced thickening of the gland itself, 
which occurs after the injection of the sex-hormones has been discontinued, the 
mammae being enlarged until they are again comparable in size to those of the 
guinea-pig at parturition. 

Prolactin administered at this stage was found to be considerably more 
effective, in that the milk secretion was remarkably increased, and the milk 
secreted possessed a lactose content of 1-7—2-7 %. 

Oestradiol alone was less effective than the oestradiol plus progesterone in 
this reconditioning of the regressing mammaries for response to prolactin. 


EXPERIMENTAL 


Normal multiparous guinea-pigs were separated from their litters 1 week 
after the onset of lactation. The involution of the mammary glands was 
allowed to proceed for 3 or 4 days until only small amounts of milk were being 
secreted daily. The mammaries of these animals are in the early stage of in- 
volution, most of the acinar tissue being still present though the majority of the 
cells resemble the non-secreting type described by Loeb & Hesselberg [1917]. 
Only a few of the cells are undergoing the ‘“‘solution process”. The gland in this 
state secretes only small amounts of milk or cloudy fluid daily (up to 0-02 ml.) 
and has been termed the “regressing” gland. In some cases it is necessary to 
remove the epithelial cap, which forms and closes the opening of the nipple, 
with the aid of a little alcohol. 

1 Beit Memorial Research Fellow. 
( 1538 ) 
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Effect of prolactin on the regressing mammae 


The effect of prolactin on the regressing mammary glands of these animals 
was followed after the injection of the hormone subcutaneously in amounts 
varying from 200 to 800 Riddle units daily. The mammaries were stripped of 
milk twice daily, morning and night, and the amount of milk secreted measured 
by collection in a calibrated capillary micro-pipette. As little as 0-005 ml. of 
milk could be detected in this way. In a few instances the lactose content of 
the milk was determined, using the differential fermentation method [Grant, 
1935]. 

The response of the different animals to the prolactin injections is shown in 
Fig. 1. In two of the five animals (curves 1 and 2) the prolactin caused a de- 
tectable increase in the daily secretion of milk. The other animals (curves 3, 4 
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Fig. 1. The effect of prolactin in maintaining or increasing the secretory activity of the 
regressing mammary glands of female guinea-pigs. 


and 5) continued to produce small amounts of milk during the period of the 
prolactin injections in contrast to non-injected animals, in which milk secretion 
at this stage was replaced by cloudy or clear serous fluid in 1 or 2 days. In the 
case of animal | the litter was separated on the second day after delivery and 
the injection of prolactin commenced on the fourth day, at which time the milk 
secretion had practically ceased (0-005 ml./day). Lactation was reinstated in 
this animal and maintained for over 6 days, but only to a limited extent not- 
withstanding the injection daily of 200 Riddle units of prolactin. With such 
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small amounts of milk the lactose content is very low (No. 1, 0-4%; No. 2, 0-8 %). 
The prolactin used was prepared from ox anterior pituitaries by the method of 


Bates & Riddle [1935]. 


Reconditioning effect of oestradiol and of oestradiol plus progesterone 


The effects of oestradiol alone and 
conditioning the acinar tissue of the re- 
gressing mammary glands for another 
cycle of secretion are shown in Fig. 2. The 
hormones were injected subcutaneously 
in solution in sesame oil, in the following 
amounts daily: 

(a) Oestradiol benzoate, 
7 days. 

(6) Oestradiol benzoate, 
3 days, then 900y for 4 days. 

(c) Oestradiol benzoate, 500y for 
3 days, then 500y plus 400y proges- 
terone for 4 days. 

In these experiments the small 
amounts of milk secreted by the re- 
gressing mammaries were replaced by 
clear fluid on the first or second day 
following the administration of the 
hormones. During the period of the 
injections (7 days) a marked develop- 
ment of the nipple and duct regions of 
the glands occurred. After the injections 
were discontinued, a gradual thickening 
of the regressed glands was noticed and 
this continued for from 11 to 15 days, 
at which time a slight milk secretion 
occurred spontaneously, presumably as 
a result of prolactin liberated from the 
animal’s own pituitaries. 

In the case of the animals treated 
with oestradiol, followed by oestradiol 
plus progesterone, the mammaries had 
enlarged to the degree found in the 
preparturient guinea-pig at term. The 
development was much less exten- 
sive for those animals treated with 
oestradiol alone, even when the amount 
of this hormone was increased to com- 
pensate for the amount of progesterone 
administered. The higher amount of 
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Fig. 2. Effect of prolactin in increasing the 
secretory activity of the regressing mammary 
glands of female guinea-pigs which have 
previously been injected with oestradiol 
benzoate (500 y daily for seven days) and pro- 
gesterone (400y daily the last four days). 


oestradiol appeared more toxic, and one of the animals died at the end of the 


injection period. 


Prolactin (80 Riddle units daily) was remarkably effective in stimulating 
milk secretion from this reconditioned acinar tissue of the mammaries in those 
animals which had received the oestradiol plus progesterone (Fig. 2, curves | 
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and 2), in contrast with its limited effect on the mammary tissue in the regressing 
state (Fig. 1, especially curves 1 and 2). 

A much less extensive response to the lactogenic hormone was obtained from 
the mammaries of the animals which had received treatment only with the 
oestradiol (Fig. 3, curves 1-5). The simultaneous administration of a high dose 
of progesterone did not have any effect in augmenting the response to prolactin 
(Fig. 3, curve 4). 
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Fig. 3. Effect of prolactin in increasing the secretory activity of the regressing glands of female 
guinea-pigs which have previously been injected with 500y oestradiol benzoate daily for a 
period of seven days. 


* In this instance the animal was given oestradiol benzoate 500y for the first three days, then 
900y for the next four days (compare Fig. 2). 


There was only a negligible amount of reconditioning of the acinar tissue of 
the regressing gland by the injection of the gonadotropic hormone (Antex, Leo, 
80 units daily for 3 days) alone, or together with prolactin. 


Discussion 


The results obtained in the present investigation confirm and extend those 
reported previously, in that prolactin in such large amounts as 800 Riddle 
pigeon crop-sac units daily caused only a limited milk secretion in the regressing 
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mammary glands of female guinea-pigs. It has been possible to recondition 
these inactive acinar cells of the regressing gland for another cycle of secretion 
by the administration of oestradiol plus progesterone to these animals. This 
effect was greater with the two hormones than with the oestradiol alone. The 
glands became enlarged to an extent comparable to that seen in the guinea- 
pig at parturition, and prolactin given at this stage initiated a considerable 
secretion of milk, of a more normal lactose content (1-7-2-8°%), The amount 
of milk obtained varied considerably, even with different glands from the same 
animal. For example, on the day of maximum response from one of the animals 
previously conditioned with oestradiol plus progesterone (Fig. 2, curve 1), 
0-60 ml. of milk was secreted, 0-45 ml. from the right mamma, compared with 
0-15 ml. from the left gland. The second animal in this experiment gave a 
maximum response of 0-20 ml. milk, of which 0-035 ml. was secreted by the 
right mamma, and 0-165 ml. by the left mamma. In still other cases one gland 
secreted only cloudy fluid at a time when the remaining gland of the same 
animal was secreting milk. ; 

The tissue did not long remain in this responsive state, and after 2 or 3 days 
the milk secretion rapidly decreased to a low daily level, notwithstanding the 
continued administration of large amounts of prolactin. It is possible that both 
here, and in the case of the regressing glands, the resumption of ovarian activity 
may be the factor responsible for the lack of continued response to prolactin 
[v. Selye e¢ al. 1934]. Experiments with ovariectomized animals are necessary 
to answer this question. 

The recent results of Selye & Collip [1936], and of Gomez et al. [1937], seem 
to indicate that the route of action of the sex-hormones on the mammary gland 
is through the pituitary, since the oestrogens have little power to effect mammary 
differentiation in its absence. It is significant in this regard that the recon- 
ditioning of the acinar tissue of the regressing gland takes place after the 
injection of oestradiol plus progesterone has been discontinued. The present 
findings suggest that progesterone augments the effect of oestradiol, and pre- 
sumably through its action on the pituitary. It is apparently still undecided as 
to how far the effect of the oestradiol plus progesterone on the mammary tissue is 
due entirely to the action of these hormones through the pituitary, and how 
far to a synergistic effect of these two sex-hormones acting on the regressing 
mammaries in conjunction with the hypophyseal secretion produced by their 
action on the pituitary. 

SUMMARY 


1. Prolactin in amounts up to 800 Riddle units daily only reinstates a limited 
milk secretion in the regressing mammaries of female guinea-pigs. 

2. The acinar tissue of such regressing glands requires to be reconditioned 
before it can again enter upon another cycle of secretion. This has been best 
accomplished by the administration of oestradiol plus progesterone. Mammary 
tissue so prepared is for a short time remarkably responsive to prolactin. 


I wish to acknowledge my indebtedness to Prof. R. Robison for his continued 
interest and helpful advice during the progress of this investigation. My thanks 
are also due to Messrs Schering, Ltd., for the progesterone; to Organon 
Laboratories for the oestradiol benzoate; and to Messrs Ayerst, McKenna and 
Harrison, Ltd. and Messrs Allen and Hanburys, Ltd., for the supplies of pro- 
lactin. 
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THE respiration of isolated rat [Khayyal & Scott, 1934-5] and mouse [David, 
1931] uterus has been shown to vary with the phase of the oestrous cycle. 
Raab [1929], working with human uterine mucosa, found variations in meta- 
bolism with the phase in the menstrual cycle, but Adler [1930] was unable to 
confirm these results. Victor e¢ al. [1936] have shown that the respiration rate 
of rat-liver slices is increased during oestrus, whereas kidney slices from the 
same animals showed no cyclic changes. Victor & Andersen [1936], working 
with anterior pituitary gland (from rats), found respiration and anaerobic 
glycolysis to be higher during the pro-oestrous and oestrous phases of the cycle, 
but they were not able to show significant changes in aerobic glycolysis. 

The experiments presented here show that the anaerobic glycolysis of isolated 
rat uterus also varies similarly to the respiration, and that aerobic glycolysis 
varies, but in the opposite sense to respiration and anaerobic glycolysis. 


MeEtTHODS 


Animals. Black and white rats (10-14 weeks old) from the Lister Institute 
breeding stock were used, except for a few experiments made on albino rats 
from the Glaxo colony (marked with letters in the tables). The phase of the 
oestrous cycle was determined from daily vaginal smears, the majority of the 
rats had 5-day cycles, but those in the group used for the aerobic experiments 
had longer cycles, 6-7 days. The following stages were distinguished : 

1. Pro-oestrus: epithelial cells only. 

2. Oestrus: (a) epithelial and cornified cells; (6) cornified cells only. 

3. Metoestrus: cornified cells and leucocytes, or a mass of leucocytes with no 
epithelial cells. 

4. Dioestrus: (a) first day, epithelial cells and leucocytes; (b) second day, 
epithelial cells and leucocytes. 

Stages 1 and 3 are of shorter duration than the others; stage 1 was not 
observed in all cycles and stage 3 only occasionally. Bilateral ovariectomy was 
performed on adult rats, which were used for experiments 17-37 days afterwards. 

Experimental technique. The rats were anaethetized by an intraperitoneal 
injection of sodium amytal, the uterus dissected out and each horn slit longi- 
tudinally. No attempt was made to separate muscle from mucosa. For anaerobic 
experiments a single horn was used; for aerobic experiments one horn was used 
to determine the initial bicarbonate content, the other for measurement of O, 
consumption and CO, production. The tissue was weighed rapidly before im- 
mersion in Ringer’s solution; at the end of the experiment it was washed and 
dried to constant weight at 105° in air. All calculations are based on dry weight 
figures; considerable variation of dry weight was found (mean 17 % wet weight), 
but no cyclic variation (confirming David [1931}). 

( 1544 ) 
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The symbols used are those recommended by M. Dixon [1934]. Anaerobic 
glycolysis was measured in Warburg flasks, filled with a mixture of N, and 5% 
CO, (freed from O, by passing over heated copper), respiration and aerobic 
glycolysis in Dixon-Keilin [1933] flasks, filled with a mixture of O, and 5% CO,. 
The flasks were shaken in a thermostat at 37-5°. In order to reduce the constants 
of the Dixon-Keilin flasks they were kept on the small side, 32 ml., the mano- 
meters were made longer than is usual, 250 and 300 mm. and were filled with 
saturated lead perchlorate solution [Krebs, 1930]. It was only possible to use 
2ml. Ringer-bicarbonate solution, but this was sufficient for a single horn of 
rat uterus. The constants were much smaller than those of the apparatus as 
originally described (5-05-5-54) and the accuracy rather greater, +3 ul. With 
the small pressure changes recorded the average error, due to the apparatus, is 
high, +6°% for O, consumption and larger for the smaller changes due to CO, 
production. This is reflected in the results, especially in the figures for R.Q. 

The experiments lasted 1-2 hr., all times being reckoned from the beginning 
of the manometric measurements, about 20 min. after the dissection of the 
uterus. 

Chemical analyses. The tissue was ground in the Ringer solution, to which 
mercuric chloride had been added, the volume adjusted, and lactic acid [Fried- 
mann et al. 1927] and glucose (Hagedorn & Jensen [1923], before and after yeast 
fermentation) determined on aliquots of the mercury-free filtrate. 


RESULTS 
(1) Effect of substrate and of composition of the Ringer’s solution 
on anaerobic glycolysis 
The anaerobic glycolyses of each horn of a single uterus, measured separately, 
agreed reasonably (Table I, mean difference 4%), so that one horn may be used 


Table I. Comparison of anaerobic glycolysis, Qi", of one horn (a) of rat uterus 
with the other (b); and the effect of varying the composition of the Ringer’s 
solution (b) 

Dixon’s Ringer 





(a) +KH,PO,) Krebs & 
Dixon’s +MgSO, Henseleit’s 
No. Ringer Alone +KH,PO, +MgSO, +KCl) Ringer 
No added carbohydrate 

14 1-11 1-10 -- — oa 
18 1-11 1-15 — — _ 

7 1-17 1-08 — — — 
48 2-67 — = = 2-16 
17 1-38 — _ _- 1-36 
27 1-43 — — — 2-24 
22 1-29 — _ -- 1-24 
31 1-20 — — 1-18 — 
28 1-42 — 1-65 — 

+ Glucose 
21 8-73 9-32 ~~ — 
24 3-56 3-59 — 
44 6-16 5-96 — _ 
40 4-87 4-53 _ _ 
13 9-12 9-11 _ = 
16 4-94 — = — 5-01 
30 5-20 — — — 4-53 
+ Fructose 

35 1-73 — “= — 1-63 
25 1-66 — -- _— 1-43 
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as a control on the other in comparative experiments. The composition of the 
Ringer’s solution employed by different workers varies somewhat. In these 
experiments M. Dixon’s solution [1934, p. 75], both with and without glucose, 
was used. In preliminary experiments the effect of adding KH,PO, and MgSO, 
in the proportions used by Krebs & Henseleit [1932], was investigated. Their 
solution also differs from that used by Dixon in containing twice as much KCl, 
otherwise its composition is the same. Neither addition of KH,PO, or MgSO,, 
nor of both together with additional KCl (=Krebs & Henseleit’s solution) caused 
any significant difference in the rate of glycolysis. This was the case whether or 
not the medium contained carbohydrate (Table I). 

When the Ringer’s solution contained no carbohydrate, glycolysis was low 
and fell off rapidly at first, reaching a constant rate after 30-60 min. (Fig. 1). 
Addition of fructose or glycogen (to give a concentration of 0-2 % in the Ringer) 
increased the rate very slightly and did not alter the type of curve obtained 
(Fig. 1, Table II). In the presence of glucose (0-2 %) the rate of glycolysis was 
much higher and remained constant throughout the experiment (Fig. 1 and 
Table IT). 


7 


: pl. CO,/mg. dry wt./hr. 


Ne 
if 


Qo 





Time in min. 


Fig. 1. Effect of substrate on Q*. Typical curves from dioestrous rats. 


—— 36, A no addition, B + glycogen. —--— 5, A no addition, B + fructose. 
—-— 19, A no addition, B + glucose. 


In some experiments the sugar disappearing was compared with the lactic 
acid formed, estimated both chemically and manometrically. Agreement was 
reasonable and it may be concluded that the tissue converts glucose quantita- 
tively into lactic acid (Table III). 


(2) Effect of oestrous cycle on respiration, aerobic and anaerobic glycolysis 


Anaerobic glycolysis was found to be highest in the pro-oestrous phase, to 
fall to low values during oestrus and to rise again during dioestrus (Fig. 2, 
Table II). Some high values were recorded on the second day of cioestrus, 
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Table II. Effect of added carbohydrate and of oestrous cycle on anaerobic 
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glycolysis, Qi, of rat uterus 
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——— Glucose ee 
0-15 min. 45-75 min. 0-60 min. 0-15 min. 45-75 min. 


Fructose 


Phase 1. Pro-oestrus 











3-66 0-90 9-36 — — 
268 O72 9-95 < = 
Mean 3-17 0-81 9-66 
Phase 2a. Oestrus 
4-80 0-83 9-13 et oi 
= te 9-00 = 
2-70 0-80 9-30 — _ 
a pak 4-96 ee = 
2-46 0-75 jane i ae 
4-00 1-18 ne - we 
— — 3-91 — — 
Mean 3-49 0-89 7-26 
Phase 26. Oestrus 
2-48 0-87 == - — 
2-33 — 2-88 — — 
2-41 0-84 4-18 — — 
1-96 0-75 — — — 
om 3-58 on mae 
Mean 2-30 0-82 3-48 
Phase 3. Metoestrus 
1-55 0-56 — 2-15 0-88 
5-06 0-74 4-15 — —- 
— Ls 5-26 noe Seo 
Mean 3-30 0-65 4-71 
Phase 4a. Dioestrus 
1-60 0-83 — — — 
ih was 6-16 ei a 
yaa! ae 4-87 oa ae 
2-98 0-98 4-44 — — 
1-70 1-08 — — — 
3-10 0-83 — — — 
1-86 1-27 — — —_ 
1-80 0-80 —- = - 
1-41 0-90 — 2-29 1-26 
— — 6-63 91 0-72 
Mean 2-06 0-96 5-53 
Phase 4b. Dioestrus 
1-40 0-78 6-53 = —_ 
So i 6-18 fis: ie 
2-48 0-92 -- — — 
1-99 1-15 10-10 — — 
— — 9-11 — — 
2-10 0-76 9-29 — — 
— a 7-83 oo a 
3-60 1-75 — —_— — 
a — — 2-50 1-20 
Mean 2-31 1-07 8-17 
Ovariectomized 
5-38 1-98 5-82 — — 
1-18 0-81 5-58 -_ one 
2-34 0-73 5-20 Sen i 
— — 6-20 — — 
2-23 0-98 ans Looe sates 
Mean 2-78 1-13 5-70 


Glycogen 
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75 min. 


1-48 
2-06 0-98 
3-18 1-82 
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probably because the metabolic changes taking place in the tissue precede the 
changes in the vaginal smear, so that the uterus of a rat that is at the beginning 
of the pro-oestrous phase will have a high metabolism while leucocytes are stil] 
present in the smear. A similar explanation will account for the occurrence 
during the first phase of oestrus (2a) of high values typical of pro-oestrus and 
low values typical of the second oestrous phase (26). In ovariectomized animals 
the rate was of the same order as that found in normal animals on the first day 
of dioestrus. 


Table III. Comparison between sugar utilized and lactic acid formed, 
measured both manometrically and chemically, during anaerobiosis 


Lactic acid formed, measured 





c > 
Sugar used Manometrically Chemically 

No. mg. mg. mg. 
a 2-62 2-40 2-36 
1-54 1-14 1-19 

9 1-19 0-91 1-30 
5 0-74 0:77 0-82 

17 1-59 1-83 — 

3 2-30 2-21 2-16 


When the Ringer’s solution contained no glucose, in spite of considerable 
variations, the initial rate followed the same general course, glycolysis was 
highest during pro-oestrus and in the first stage of oestrus. In these experi- 
ments the pressure changes measured are small and the results less accurate; 
small differences in the time after immersion in anaerobic Ringer’s solution at 
which measurement is begun will have a marked effect on the initial rate recorded. 


ul./mg./hr. 





Pro-oestrus  Oestrus / Oestrus  Metoestrus Dioestrus Dioestrus ‘Ovariec- 


(a) (b) (a) (b) tomized 


Fig. 2. Effect of oestrous cycle on: 


Anaerobic glycolysis, ©. Respiration, x. Aerobic glycolysis, 5). 
Blocks represent mean values. 


The mean value of the final constant rate was rather higher during dioestrus, 
but the differences were hardly significant and the phase in the cycle seems to 
have little or no effect on this constant rate of glycolysis in the absence of 
glucose. 
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Table IV. Effect of oestrous cycle on Oo consumption, Q,,, aerobic glycolysis, 


No. 


A4 
126 
136 
AA 


A3 
118 
127 
129 
135 


108 


207 
210 
B3 
1B 
106 


112 


212 
C3 
101 
100 
203 


102 
103 
110 
109 


Q? 
G 


Mean 


Mean 


Mean 


Mean 


Mean 


Mean 


> 














and R.Q. of rat uterus 
- Qo. ee R.Q. 
Phase 1. Pro-oestrus 
3-03 0-61 0-90 
6-07 0-68 1-14 
4-78 0-37 0-98 
4-09 0-77 0-87 
4-50 0-60 0-97 
Phase 2a. Oestrus 
4-63 1-20 0-92 
3-56 0-51 1-02 
4-44 0-13 1-24 
4-36 1-48 0-72 
4-76 1-84 0-86 
3°36 0-71 0-85 
6-32 1-64 0-75 
4-49 1-07 0-91 
Phase 26. Oestrus 
2-09 1-95 0-89 
3-46 1-48 0-92 
3-64 1-35 0-68 
3°31 0-78 0-78 
3-54 1-49 0-85 
3-21 1-41 0-82 
Phase 3. Metoestrus 
3-89 1-89 0-94 
Phase 4a. Dioestrus 
3-48 3-03 0-69 
3-40 2-96 0-67 
3-12 1-78 0-86 
3-18 2-24 0-62 
2-47 2-31 0-73 
3-13 2-46 0-70 
Phase 46. Dioestrus 
3-63 1-33 0-80 
3-70 2-10 0-70 
3-30 1-80 0-69 
3-87 1-36 0-88 
3-55 2-10 0-88 
4-54 1-95 0-80 
5-00 1-60 1-04 
3-94 1-75 0-83 
Ovariectomized 
1-6 1-9 os 
1-7 1-1 0-94 
2-2 0-7 0-81 
1-9 1-1 0-50 
1-85 1-2 0-75 


No attempt was made to study the effect of alterations in the composition 
of the Ringer’s solution on the rate of O, consumption and aerobic glycolysis; 
all determinations were made on M. Dixon’s solution, containing glucose. The 
rate of O, consumption varied with the phase in the oestrous cycle in a similar 
manner to the rate of aerobic glycolysis (Fig. 2, Table IV). As the differences due 
to the phase in the cycle were not so pronounced and individual variations were 
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large, partly on account of the greater errors involved in the experimental 
technique, considerable overlapping of values was found. 

Aerobic glycolysis, on the other hand, was found to be low in pro-oestrus 
and oestrus, when O, consumption was high, and to rise to its highest rate on 
the first day of dioestrus, when O, consumption was at its lowest level. 

In ovariectomized animals O, consumption and aerobic glycolysis were 
rather lower than in uteri from normal animals on the first day of dioestrus. 
Since the uteri were very small, the pressure changes were smaller and the 
accuracy of the results less than in experiments with normal animals. 


Discussion 


The results are in general agreement with those of Khayyal & Scott [1934-35] 
for O, consumption of rat uterus and of Victor et al. [1936] for rat liver and of 
Victor & Andersen [1936] for rat anterior pituitary. Khayyal & Scott did not 
distinguish the pro-oestrous phase, neither did they divide the oestrous phase 
into two groups and their dioestrous phase was divided on a weight basis. They 
state that their dioestrous group II, large uteri, probably represents early 
dioestrus, and group I, small uteri, late dioestrus. The values given in Table IV 
for oestrus and early dioestrus are of the same order, though rather lower, than 
those they found, but the highest values found in these experiments, in pro- 
oestrus, do not approach those they found in late dioestrus. The same spreading 
of pro-oestrus values over the second day of dioestrus and the first day of oestrus 
was found as in the anaerobic experiments. Fewer high values were found on the 
second day of dioestrus, probably because the majority of the rats in this group 
had longer cycles (6-7 days) than those used for the anaerobic experiments. 
Khayyal & Scott’s higher values may be accounted for by the difference in the 
composition of the Ringer’s solution which they used (NaCl and KCl 0-9 and 
0-042 g. per 100 ml. instead of 0-69 and 0-018 g. respectively, Na,HPO, instead 
of NaHCO, and no glucose), or by a difference in the strain of rats. 

The type of curve obtained for anaerobic glycolysis in glucose-free Ringer’s 
solution may be explained by supposing that the tissue converts glucose into 
lactic acid at a much higher rate than glycogen. Kerr & Ghantus [1937] have 
found that in brain in anaerobic conditions glucose disappears much more 
rapidly than glycogen. If this is the case for uterus the high initial rate will be 
due to glycolysis of glucose and will decrease as the glucose contained in the 
tissue is exhausted and be succeeded by a slow rate which will remain constant 
while an excess of glycogen is available. Glucose and glycogen were estimated in 
a few uteri and were found to be of the order of 70 and 200 mg. per 100 g. wet 
weight respectively. If the dry weight of the tissue is taken as 17% and Q? as 
5-5 (mean value for first day of dioestrus in glucose-Ringer), then the glucose 
present in the tissue would all be converted into lactic acid in 10 min. For 
the steady rate the mean value of Q{* found was 0-9, at this rate it would take 
24 hr. to convert all the tissue glycogen into lactic acid. As the experiments 
lasted 1-2 hr. no falling off in rate is to be expected, neither would added 
glycogen cause any increase in rate. The small increase found experimentally 
is hardly significant, and the results suggest that in uterus as in brain glucose 
is converted into lactic acid more rapidly than glycogen. 

If the sugar usage in O, and in N, in glucose-Ringer solution, Q¢? and Q®, is 
calculated as suggested by K. C. Dixon [1936] from the rates of O, consumption 
and of aerobic and anaerobic glycolyses, Table V, it is apparent that more sugar 
is used anaerobically than aerobically at all stages of the cycle, so that the 
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Table V. Glucose utilization of rat uterus in glucose-bicarbonate Ringer’s solution 
in O, and in Nz, expressed as pl. gas per mg. dry weight per hr., 
Q22 = (Q,,,/6-—Q 2/2) and Q?s ¢=(—Q7/2), ), respectively (calculated 
from mean values in Tables II and IV) 


Phase in cycle - Qc? -Q e R.Q. 
1 1-1 4-8 0-97 
2a 13 3-7 0-91 
2b 1-3 1-8 0-82 
4a 1-7 2-8 0-70 
4b 1-5 4-1 0-79 


Pasteur effect is always in operation. Whilst the cyclic changes in anaerobic 
glycolysis are reflected in similar cyclic changes in anaerobic sugar utilization, 
the differences in aerobic sugar usage are much smaller, and the maximum is 
found during dioestrus and not during pro-oestrus or oestrus. It has been 
pointed out that under the conditions of these experiments the determination 
of the R.Q. involves a considerable error, but in spite of the large variations 
recorded in Table IV it is seen that the high values all occur during oestrus and 
the low during dioestrus, from which it may be inferred that glucose is the main 
metabolite during oestrus, but that other substances are metabolized during 
dioestrus (under the conditions of these experiments). Therefore the assumption 
made in calculating Q¢?, that all the O, consumed is utilized for oxidation of 
sugar, is only correct during oestrus, so that the figures for glucose usage during 
dioestrus will be too high. It seems probable, therefore, that glucose usage, in 
O,, does not vary much throughout the oestrous cycle. It is interesting to 
speculate that the limiting factor in glucose usage may be the amount of glucose 
which can reach the cell, which K. C. Dixon & Holmes [1935] have suggested is 
itself limited in O, by the effect of O, in decreasing the permeability of the cell 
wall. If this is the case, then some other factor, varying with the oestrous cycle, 
controls the amount of glucose oxidized, the rest of that reaching the cell being 
converted into lactic acid. This second factor, controlling oxidation, is probably 
the same as that controlling anaerobic glycolysis, which varies with the phase 
in the cycle in the same.manner as O, consumption. 

It should be emphasized that the figures in Table V represent glucose usage 
per mg. dry weight of tissue, and that glucose usage of the whole uterus increases 
during oestrus owing to the large increase in dry weight at this stage of the cycle. 
The values in Table V have been calculated from mean values of experiments 
showing wide variations, and while the differences are large enough to show 
conclusively that the Pasteur effect is operative at all stages of the cycle, they 
can only suggest the constancy of sugar usage in O,. It has been shown that 
anaerobically glucose consumption accounts quantitatively for lactic acid pro- 
duction, Table III, but more rigorous proof is required before it is proved that 
aerobically glucose utilization is constant throughout the oestrous cycle. 


SUMMARY 


1. Anaerobic glycolysis and O, consumption of isolated rat uterus are highest 
during pro-oestrus and lowest at the end of oestrus. The changes in respiration 
are not so pronounced as those in anaerobic glycolysis. 

2. Aerobic glycolysis varies in the opposite sense and is lowest during pro- 
oestrus and highest immediately after oestrus. 

3. Pro-oestrus values are found in some rats at the end of dioestrus and at the 
beginning of oestrus (as judged from vaginal smears). 
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4. When glucose is present in the Ringer’s solution anaerobic glycolysis is 
constant, when no glucose is present it is lower and falls rapidly to a constant, 
very low, value. 

5. Addition of glycogen or fructose to the Ringer’s solution increases the 
rate only slightly and does not alter the type of curves obtained. 

6. Addition of KH,PO,, MgSO, and extra KCl to the Ringer’s solution does 
not alter the rate of anaerobic glycolysis. 

7. During anaerobic glycolysis, in the presence of glucose, glucose consump- 
tion is equal to lactic acid production, measured both manometrically and 
chemically. 

8. The Pasteur effect is operative throughout the cycle, i.e. anaerobic sugar 
usage is always greater than aerobic. 

9. Anaerobic sugar usage varies throughout the cycle, but aerobic sugar 
usage is approximately constant (both calculated from manometric results). 


The expenses of this research have been defrayed by a grant from the 
Government Grant Committee of the Royal Society. 
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“GLAXO” AND “LIGHT WHITE” CASEINS 
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From the Laboratory of Household Science, University of California, 
Berkeley 


(Received 12 July 1937) 


Cowarp et al. [1929] described a puzzling variation in response of vitamin A- 
deficient rats to large doses of cod liver oil, influenced apparently by the 
character of the casein used in the basal diets. The two varieties of casein used 
were Glaxo, a vitamin-free commercial casein, and light white (B.D.H.) 
casein. Rats which had ceased to grow on the former resumed growth when 
the latter was substituted in the basal diet, even though the light white casein 
had been thoroughly extracted with alcohol and ether. However, these extracts 
when fed separately with Glaxo casein were not equal in growth-promoting 
potency to the original light white casein, a fact which militated against the 
theory that a new fat-soluble accessory was concerned in the matter. The 
authors were convinced nevertheless that a deficiency in the nutritive value of 
the Glaxo casein as protein was not the sole explanation. Coward et al. [1931] 
further compared the growths of rats on diets containing light white casein, 
untreated, extracted with alcohol and ether and heated in the manner used in the 
production of Glaxo casein. The extraction made little difference in growth 
response and the heating destroyed only part of the assumed growth factor 
present in the light white casein. 


Table I. Comparison of growth values of Glaxo and light white caseins 
fed at 8-10°/, levels 


Casein 
(California) 
Glaxo Light white Raw casein heated at 140° 
casein casein (California) for 30 min. 
No. of rats 17 17 9 9 
Length of period, days 35 35 28 28 
Diet, % protein 8-5 8-5 9-1 9-9 
Mean protein intake, g. 16-1 15-8 17-5 16-9 
Range of protein intake, g. 13-19 14-19 14-20 14-20 
Initial weights, g. 56 59 44 tt 
Mean gain, g. 27 26 37 29 
Range of gains, g. 23-36 21441 21-50 21-43 
Mean gain per g. protein eaten 1-69 1-64 2-10 1-71 


Through the courtesy of Dr Coward samples of the two kinds of casein 
actually used in these experiments were obtained and a comparison of both their 
growth and maintenance values carried out according to the procedures in use 
in this laboratory. 

As shown in Table I, the growths obtained in two groups of young rats 
carefully paired as to litter, sex and food intake over a period of 35 days were 
practically the same on the two diets. These diets were made up of protein 
8-5 (N=1-36), Crisco (hydrogenated cottonseed oil) 20, agar 4, Osborne and 
Mendel salt mixture 4, cornstarch to make 100. Supplements of Harris yeast 
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vitamin extract 100 mg. and cod liver oil 2 drops were given separately daily to 
each animal. The raw casein with which these British samples were compared is 
an acid-precipitated commercial product prepared in California which has been 
used in this laboratory in all the protein growth tests [Morgan, A. F., 1931] and 
for vitamin-free diets (after suitable extraction in the latter case). This casein, 
heated for 30 min. at 140°, was also fed at the same time. Obviously both British 
caseins are of lower biological value than the local raw casein and are of about 
the same growth value as the heat-treated casein prepared in this laboratory 
(Table I). Certainly there is no advantage in the use of the light white as com- 
pared with the Glaxo product. Whatever processes of manufacture are used in 
the preparation of both these caseins reduce their growth-promoting powers 
equally. 

Another comparison of the four caseins was made with adult rats using the 
nitrogen balance method for determination of biological value. The technique 
previously described was used [Morgan, A. F., 1931] and results (Table IT) with 


Table II. Comparison of biological values of various caseins as obtained 
on adult rats fed at 7 to 9% level 
Average 
Daily body True 
food weight Daily N Faecal Urinary Food N Food N digesti-  Bio- 
No.of No.of intake Type of ofrats intake N absorbed retained bility logical 
rats _ periods g. casein g. mg. ‘ mg. mg. mg. % value 
16 32 9 Raw 208 109 76 104 72 96 69 
32 10 Heated 202 139 2 98 130 74 93 57 
32 14 Low N 228 104 2é 48 _ — — = 
18 10 Glaxo 307 126 ¢ 117 124 62 98 
18 9 Light white 339 134 2 124 129 66 96 
24 14 Low N 290 104 2 51 — = -- 


the California caseins were entirely similar to those often determined in this 
laboratory, 69 for the raw and 57 for the heated casein. Again the Glaxo and 
light white caseins were found to be alike and of the order of value of the 
laboratory-heated product, with biological values of 50 and 51. Since the 
digestibilities of all the caseins were quite similar, losses from the digestive tract 
could not account for the low biological values seen in three of the products. 
A decreased growth rate due to the low nutritive values of these two caseins, 
Glaxo and light white, might well be expected, particularly since the level at 
which they were fed by Coward e¢ al. [1929] was low, 15% or about 12% true 
protein. At such a level, growth of young rats on the raw casein has been found 
in this laboratory to be subnormal, slightly less than 2 g. per day, and on the 
heated protein, 1-7 g. per day. Therefore the improvement brought about by 
the substitution of “light white” for Glaxo casein in the experiments of Coward 
et al. [1929] must be ascribed to something other than superior value as protein. 


SUMMARY 


The growth values of Glaxo and light white caseins were estimated in 
growth per g. of protein eaten at 8-10% level in the diet in 4 or 5 weeks by 
weanling rats. These were found to be alike and low, 1-6 to 1-7, as compared with 
the growth produced by raw acid-precipitated casein, 2-1, and similar to the 
value found for the raw casein heated at 140° for 30 min., 1-7. 

Maintenance values of the same four caseins obtained by the nitrogen balance 
method with adult rats and expressed as “biological values” were in the same 
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order, the raw casein 69, heated casein 57, and Glaxo and light white 50 and 
51. 

Depressed growth might be expected from the use of the last two products 
in vitamin tests, particularly if fed at so low a level as 15 %, but such superiority 
as has been seen in the light white casein over the Glaxo cannot be ascribed to 
any better value as a protein. 
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CXCV. THE COMPOSITION OF FORAGE CROPS 


II. RYE GRASS (WESTERN WOLTHS). CHANGES IN 
HERBAGE AND SOIL DURING GROWTH 
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HENRY LORIMER RICHARDSON 
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(Received 22 July 1937) 


PRELIMINARY experiments on the developmental changes in composition of rye 
grass revealed some interesting features, not the least of which was the presence 
of a water-soluble fructosan in considerable amount in the young grass [Norman, 
1936]. A more detailed investigation involving weekly samples of both soil and 
herbage throughout the growing season has now been undertaken. In the soil 
analyses the more mobile forms of nitrogen and carbon were studied, since the 
changes in total nitrogen and carbon during the growth of a single crop of rye 
grass are likely to be so small as to lie within the experimental error of the 
determinations. The ammonia and nitrate contents of the fresh soil were 
measured, and also the ammonia, nitrate and carbon dioxide produced when the 


soil samples were incubated under standard conditions. Methods of this type 
have been extensively used here to study the influence of cropping on the soil 
organic matter [Orchard, 1933; Richardson, 1935; Marshall, 1936]. The am- 
monia and nitrate in the fresh soil show the amount of nitrogen immediately 
available to the crop, while the incubation values give an index to the amount 
of readily decomposable nitrogen and carbon in the soil organic matter. 


Methods employed for the grass 


The samples of grass were taken from Hoosfield, Rothamsted, from an area 
under barley in the previous season. The selected area was laid out with 98 plots 
each 1} yd. sq. As before, an area of 1 sq. yd. was cut from the plot at the 
time of sampling. Each sample consisted of 6 sq. yd. taken at random, and 
bulked. Owing to the variation in the density of the herbage this was in- 
sufficient to give reliable figures for increase in dry weight. The bulked samples 
were treated as in the previous season. 

Soil sampling was commenced on 25 April 1936, 24 weeks before the first 
grass sample was taken. On 4 May a light dressing of sulphate of ammonia 
was applied at the rate of 14 ewt. per acre. The stand of grass was rather thin, 
and the grass tended to be of a stemmy character. The season was almost 
uniformly wet, a circumstance which favoured the later growth of clover on the 
plots which had been cut earlier in the season. A sample was cut and left for 
hay at the time when the grass was judged by the farm manager to be ripe for 
this purpose. 

The analytical methods employed for the grass were as described in the 
previous paper [Norman, 1936]. 
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RYE GRASS 


A. COMPOSITION OF RYE GRASS 


The approximate rate of growth of the rye grass may be seen from Table I. 
These figures do not fall on a smooth growth curve because insufficient plots 


Table I. Yield of rye grass per sq. yd. (first cut) 


Weight Weight 

oven-dry oven-dry 
Sample Date g. Sample Date g- 
12 May 23 8 30 June 161 
12 ss 54 9 ‘7 July 161 
SS 3 64 10 a 165 
2 June 93 ll 151 
126 12 as a 126 
166 13 21 Sept. _ 

150 
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were cut to even out the irregularity in the density of the grass, but they leave 
little doubt that there was no increase in dry weight per unit area after mid- 
June. 

Non-structural constituents (Table I) 


The changes observed in ash and crude protein present no special features, 
and are of the type usually observed in a growing crop. The anomalous figure 
for ash in sample 4 was due to the presence of some clay through sampling under 


Table II. Some non-structural constituents of rye grass 
All analyses expressed as % on oven-dried material 


Cold Protein in Fructose Fructose 
Crude water- aqueous before after 
protein soluble extract hydrelysis _ hydrolysis 
49-5 
52-5 
56-9 
46-5 
44-4 
39-0 
31-5 
26-4 
30-7 
25-1 
20-7 
15-7 
15-7 
9-9 
0-23 
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Sample 
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28-1 
26-8 
21-3 
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14-6 
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* Cut with Sample 7; left 1 week in field. 
+ The standard errors of these determinations are calculated on all samples, and include those 
in Table V. 
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bad weather conditions. As observed previously there is a high percentage of 
water-soluble material in this grass in its younger stages, only a small portion 
of which is nitrogenous. The major part is fructosan, which constituent rises to 
a peak towards the end of May subsequently falling sharply as the grass matures 
and becomes senescent. The free sugar consists largely of fructose, but no 
particular significance is to be attached to the amounts found, since this is 
believed to be in part a result of the drying procedure. In Sample 3, when 
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dried, 3-6 % free fructose was found. Grass cut at the same time and extracted 
when fresh with hot 95% alcohol contained only 1-64°% total reducing sugar, 
expressed as fructose, of which 1-57% was fructose. The peak content of 
fructosan occurred while the dry weight was still rapidly increasing, so that this 
polysaccharide must be of the nature of a temporary reserve. The peak was 
appreciably lower than that recorded in the previous season and coincided 
approximately with the time of full emergence of the head. 

The distribution of fructosan within the plant at the time of the fourth 
sampling was studied (Table III). It appears that the stem is the chief place 


Table III. Distribution of fructosan in rye grass. Sample 4. 


Cut 2 June 

% fructose 
Proportion of % free after 

Region aerial parts fructose hydrolysis 
Leaves 25-4 1-0 24-4 
Stems 51-5 1-9 35-4 
Heads 23-2 15 17-3 
Root -- 0-7 25-0 


of storage. Division of the stem into internodes showed that the first internode 
above ground level is richest in this constituent, 42-8°% being found. In the 
second internode only 34-1 % was present. 

The fructosan, soluble protein and soluble ash constituents do not together 
account for all the cold water-soluble material, and evidence of the presence of 
a glucose polysaccharide, hydrolysed considerably less easily than fructosan, 
has been obtained. The satisfactory determination of a mixture of these two 
polysaccharides has not yet been solved, partly because the conditions necessary 
for complete hydrolysis of the glucosan result in some destruction of fructose. 
The new polysaccharide is present in considerably smaller amounts than the 
fructosan. In sample 3, which contained 30-1 % fructosan, about 6-7 % glucosan 
was detected. 

Structural constituents (Table IV) 


The crude fibre determination has been abandoned on the grounds that it is 
both inaccurate and misleading [Norman, 1935], and reliance is placed instead on 
the direct determination of cellulose and lignin. The cellulose content increases 
steadily and rapidly while the dry weight of the plant is increasing and the 
grass is approaching maturity. The largest percentage increase between the 
time of the 6th and 7th samples does not in fact represent a spurt in cellulose 
production, but is partly the result of a fall in other constituents, as may be 
seen later in Fig. 1 (p. 1560) in which the cellulose present is shown on a basis of 
g. per sq. yd. After the point at which no increase in dry weight occurs, the 
percentage of cellulose still rises, though less rapidly, presumably by conversion 
of some other constituent. There is a limit to this change, for the extremely old 
grass left till September, Sample 13, is not much richer in cellulose than that 
cut in late July. 

The yield of furfuraldehyde from the cellulose, and therefore the xylan 
associated with the cellulose, does increase with age, but not in any very steady 
manner. When the xylan is calculated as % of the cellulose, there is an indication 
of a tendency to increase during the period of active growth, as was observed in 
the experiments of the previous year, and then a decrease during senescence. 
The changes are somewhat irregular as were those found for the barley plant by 
Phillips & Goss [1935]. 
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Table IV. Some structural constituents of rye grass 


All analyses expressed as % of oven-dried material 


Furfur- 
Furfur- aldehyde 
aldehyde Xylan Total from N 
from in furfur- poly- in 
Sample Cellulose cellulose cellulose aldehyde _—_uronides Lignin lignin 
1 26-1 4:3 6-7 7-4 3-1 3-6 0-3 
2 26-4 4:5 7-0 8-8 4:3 4-7 0-3 
3 28-9 5-4 8-4 9-1 3-7 5-2 0-3 
4 32-0 5-5 8-6 9-8 4:3 5-9 0-3 
5 32-2 6-0 9-3 10-9 4-9 7-0 0-3 
6 33-8 5-9 9-2 11-4 5-5 8-7 0-3 
7 40-4 6-1 9-5 12-4 6-3 9-0 0-3 
Hay 43-2 6-4 10-0 13-3 6-9 10-4 0-2 
8 38-3 6-3 9-8 12-6 6-3 9-1 0-3 
9 39-9 6-3 9-8 13-4 71 9-6 0-3 
10 43-2 6-2 9-7 13-8 7-6 10-5 0-3 
11 47-1 6-0 9-4 14-3 8-3 11-2 0-2 
12 46-2 6-3 9-8 14-1 7-9 11-1 0-3 
13 48-8 6-4 10-0 15-1 8-6 16-4 0-3 
*s.E. of 0-25 0-09 oe 0-12 — 0-10 — 
mean + 


* The standard errors of these determinations are calculated on all samples and include those 
in Table VI. 


No satisfactory direct method for the evaluation of the polyuronide hemi- 
celluloses has yet been devised, and accordingly the difference between total 
furfuraldehyde yield and that from the xylan in cellulose is taken as a measure 
of this constituent. The changes appear to be similar to those exhibited by the 
cellulose, namely a rapid increase during the period of active growth and sub- 
sequently a more gradual increase during the senescent period. 

The presence of lignin in forage crops is believed to affect digestibility ad- 
versely, and the “running off” of grass is always said to be a result of lignification. 
The results obtained indicate that the deposition of lignin is a gradual process 
and not a change which occurs especially at maturity. The figures slightly 
over-estimate the lignin present, because of the interference produced by the 
presence of protein, as a result of which the lignin residue contains some nitrogen. 
No satisfactory correction is applicable nor can the disturbance be wholly 
overcome. It will be seen that the nitrogen retained by the lignin was almost 
uniform, and presumably therefore the error is nearly constant. The extremely 
old grass sample taken in September was considerably higher in lignin than any 
of the mature samples. Lignin formation seems to continue when other activities 
have practically ceased. 

Taken together, the main structural constituents, cellulose, hemicelluloses, 
and lignin increase progressively with age. If a rough estimate of the hemi- 
cellulose content is made by taking twice the furfuraldehyde figure, it may be 
said that in the youngest sample these structural constituents account for not 
less than 36% of the dry weight; in Sample 7, at maturity, not less than 62%; 
and in Sample 11, late in July, not less than 75%. 


Changes in haymaking 


The method of sampling did not permit of a satisfactory estimate of the 
loss occurring during haymaking, but a comparison of the contents of cellulose 
and lignin in the hay and the appropriate sample cut at the same time suggests 
that the loss was about 10%. This seems to be due to removal of some ash, 
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protein and fructosan. At the same time the proportion of nitrogen soluble in 
cold water increased, as did also the free fructose, presumably by enzymic 
hydrolysis of the fructosan. 


Some physiological aspects 


The presence of the polysaccharide fructosan as a major constituent of young 
grass, and its disappearance on maturity, raises certain physiological questions 
which cannot yet be fully answered. Unlike the cereals, which also contain 
fructosan in the young plant, rye grass does not store any very large amount of 
carbohydrate in the seed, and instead of being utilized by transformation into 
starch, as is conceivably the case in cereals, the fructosan in the grass is pre- 
sumably utilized for general development. There is a strong indication that the 
structural constituents and, in particular, cellulose, which continue to increase 
after the dry weight of the plant has reached its maximum, do so at the expense 
of the stored fructosan. This may be seen from Fig. 1 in which are plotted the 
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Fig. 1. Cellulose, fructosan and lignin contents of rye grass expressed on an equal area basis. 
° ¢ Cellulose. g===«8 Fructosan. -—_——- Lignin. 


cellulose, lignin and fructosan in the grass from 1 sq. yd. The approximate 
point at which the growth curve reached its maximum, after which there was no 
increase in dry weight, is indicated, and it will be seen that the subsequent fall 
in fructosan is in part balanced by a rise in cellulose. Since there are no direct 
figures for hemicelluloses these cannot be plotted, but nevertheless the indication 
from furfuraldehyde yield is that they too increased concurrently. 

Fig. 1 shows also that on an area basis the fructosan maximum occurs later 
than the peak in percentage content owing to the increase in dry weight. The 
amount present at the time of taking Sample 6 was nearly 3} cwt. per acre. 

Various factors connected with the formation and utilization of fructosan 
remain to be elucidated, including seasonal and manurial effects. 


Composition of second growth 


Certain of the sets of plots were recut later in the season in order to obtain 
information as to the composition of second growth of the herbage. As a result 
of the wet summer, clover and weeds in some cases provided serious competition 
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to the new growth. These experiments are only of a preliminary nature as the 
series is incomplete, and the samples represent material cut at increasing 
intervals from sets of plots themselves not originally cut at the same date. The 
analyses for non-structural constituents are given in Table V. The crude protein 


Table V. Some non-structural constituents of second growth rye grass 


All analyses expressed as % of oven-dried material 
) P /0 


Weeks 
after Cold Protein in Fructose Fructose 
first Crude water- aqueous before after 
Sample Date cut cut Ash protein _ soluble extract hydrolysis hydrolysis 
1-1 15 June 5 9-2 10-5 33-0 3-4 2-2 14-2 
2-1 29 6 9-0 7-5 29-7 2-6 2-5 12-2 
3-1 14 July 7 7-4 71 27-4 2-3 1-7 8-9 
4-1 Se 8 7-5 5-4 20-3 1-6 1:3 5-5 
5-1 11 Aug 9 8-8 6-7 18-0 1-9 1-2 6-1 
7-1 ime 7 8-2 8-0 26-9 2-2 1-8 4-6 
6-1 | ee 9 8-9 7-8 21-3 2-0 1-1 5-1 
7-2 2D ws 9 8-4 8-2 24-4 3-1 1-6 6-5 


content was inclined to be higher than on first growth grass of approximately 
the same stage of development. The most interesting feature is the low percentage 
of cold water-soluble material and of fructosan, relative to the protein content. 
In first growth grass with a crude protein figure of 7-7 % (Sample 4), over 46% 
was water-soluble, out of which 28% could be accounted for by fructosan. In 
the second cuts of approximately equal or higher protein contents, these figures 
are not approached. The comparison of Sample 3-1 with 7-1, and Samples 5-1 
and 6-1 with 7-2, groups respectively of equal age, shows that considerable 
differences in composition may result according to the period over which the 
growth takes place. This is not surprising since equal age does not necessarily 
imply an equal stage of development, which may be affected by many factors. 

A low percentage of water-soluble constituents implies more of the structural 
cell wall substances, as is observed (Table VI). Cellulose, lignin and polyuronide 
hemicelluloses are all higher on these samples than on first growth of approxi- 
mately similar protein content. For example, Samples 4 and 2-1 are almost 
equal in crude protein, but the sum of cellulose + lignin in the former amounts 
to 37-9 % and in the latter to 48-0%. Similarly with Samples 5 and 5-1, the 
totals are 39-2 and 52:2%. 


Table VI. Some structural constituents of second growth rye grass 


All analyses expressed as % of oven-dried material 


Furfur- 
Furfur- aldehyde 
aldehyde Xylan Total from N 
from in furfur- poly- in 
Sample Cellulose cellulose cellulose aldehyde  uronides Lignin lignin 

1-1 38-4 6-0 9-4 12-2 6-2 8-2 0-4 
2-1 37-9 5-9 9-2 12-0 6-1 10-1 0-4 
3-1 33-2 5-7 8-9 11-5 5-8 9-2 0-3 
4-1 42-9 5-8 9-0 13-3 7-5 11-5 0-2 
5-1 40-6 6-0 9-4 12-9 6-9 11-6 0-3 
7-1 36-4 6-0 9-4 11-5 5-5 10-0 0-3 
6-1 38-4 5:8 9-0 12-1 6-3 11-0 0-3 
7-2 39-2 5-7 8-9 12-3 6-6 10-4 0-4 


Because of the incompleteness of the series it is impossible to generalize 
from these results, but they give a strong indication that second growth grass is 
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more “fibrous” than the first growth; that is to say the amount of structural 
material present is higher, and the amount of water-soluble constituents, such 
as fructosan, considerably lower, when considered on the basis of equal protein 
contents, as is the case when feeding value is in question. If this is applicable 
to grasses in general it may be the explanation of the belief held by many farmers 
that autumn grass is not so satisfactory as spring grass even though the nitrogen 
percentage may be the same. From the analyses obtained the carbohydrates 
of the second growth would be likely to be less available than those of the first 
growth. 
B. CHANGES IN THE SOIL DURING THE GROWTH OF RYE GRASS 


The soil was the heavy clay-loam with flints of Rothamsted; small lumps of 
chalk were present, and the reaction was pH 8-0. Because the results obtained in 
studies of the mobile forms of nitrogen and carbon are highly susceptible to 
changes in the working conditions, the methods employed in the present in- 
vestigation are described rather fully. 


Sampling and analysis 


The depth of sampling was 20 cm., a half-cylindrical sampling tool taking a 
core of 60-70 g. being used. It was pushed in beyond the depth required, and 
the bottom few cm. of soil disearded. Four samples, each consisting of 6 or 7 
cores, were collected in stoppered bottles on each date of sampling. At first the 
samples were taken entirely at random; later, when the regular sampling of the 
herbage began, two of the samples were taken from the six plots whose herbage 
had just been cut, and the other two samples from the plots cut a week earlier. 
Each of the four samples was analysed or incubated separately, so that the 
standard error of the determinations gives a combined measure of errors of 
sampling and analysis. 

In the laboratory the soils were broken up by hand, roots and flint fragments 
being removed, and after thorough mixing the soils were subsampled by 
quartering. 100g. were returned to each bottle for the preparation of an 
extract, 100 g. were transferred to flasks for incubation, 50 g. were used for dry 
matter determination (24 hr. in electric oven at 105°) and the remainder was 
air-dried, ground and sieved. 

The extracts for ammonia and nitrate determination were made by Olsen’s 
method [1929], slightly modified. 100 ml. of 2M KCl solution were added to 
100 g. soil, then enough 2.N HCl to give the extract a pH of about 1-0 (to thymol 
blue), and water to make the total volume of liquid added 200 ml. A few drops 
of toluene were added as a preservative, and the whole was shaken in a re- 
ciprocating machine for 1 hr. The suspension was filtered through a fluted filter 
(24 cm. diam.), the whole being poured in at once, and the first 25 ml. of filtrate 
discarded. This stage was always reached on the day of sampling: the filtered 
extract could be kept several days if necessary in a stoppered flask in a re- 
frigerator. 

Ammonia was determined by distilling 100 ml. of the extract, to which 
200 ml. of water had been added, from ca. 3g. of freshly ignited MgO; the 
distillate was collected in V/50 acid and titrated to an end-point of pH 4-8 with 
bromocresol green as indicator. 

Nitrate was determined in the same solution by further distillation after 
adding ca. 2-5 g. of powdered Devarda’s alloy, and water to replace that lost in 
the ammonia distillation. Distillation was slow because of frothing, and this 
gave sufficient time for reduction of the nitrate. 





Ammonia N 
(mean of 4) 10 3- 
s.£.0fmean + 0-06 1 
Nitrate N 
(mean of 4) 03 O2 23 O7 O38 O1 13 = JI 
s.E. of mean +0-24 
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Blanks were determined on all reagents, and the results of the determinations, 
after blank correction, were calculated on the basis of oven-dry soil. 


Ammonia and nitrate in the fresh soil 


The soil was first sampled on 25 April, when the grass was still fairly short. 
It was sampled again on 7 May, 3 days after the application of sulphate of 
ammonia; then on 1] May; and subsequently at approximately weekly intervals, 
usually on the dates of cutting the herbage, until 28 July. The results appear in 
Table VII: for ammonia, the standard error is given at each sampling date 
because of its variation with time; for nitrate, where the standard error was 
more constant, a single mean value is given. 


Table VII. Ammonia and nitrate nitrogen in fresh soil 


mg./kg. dry soil 
May June July 





Sampling date Apr. ; \ + ~, 
95 


7 11 14 19 26 3 9 16 22 30 6 14 20 
7 30 44 22 25 37 #%19 #%26 13 #211 #10 10 = «12 
00 0-33 146 0-58 053 1-07 0-60 1-76 0-06 0-23 0-07 0-07 0-08 


02 05 O9 O58 O4 06 


Since the nitrogen applied as sulphate of ammonia on 4 May was equivalent 
to approximately 18 mg./kg., the results for soil ammonia show that there was 
rapid disappearance of most of the added nitrogen. A similarly rapid disappear- 
ance in late spring has been recorded on other grassland soils [Richardson, 1932; 
Eggleton, 1934]. A small amount of extra ammonia was found in the soil until 
mid-June; this ammonia was unevenly distributed, as may be seen from the 
high standard errors over this period, and its presence is attributed to the 
rather thin stand of grass leaving small “pockets” of unabsorbed ammonia in 
the soil. Very little nitrate was found, the maximum being 2-3 mg. N/kg. a 
week after adding the sulphate of ammonia. Any nitrate formed would rapidly 
be taken up by the herbage, but it is probable that much of the added nitrogen 
was taken up directly as ammonia. The herbage showed a visible response in 
colour and growth a week after the sulphate of ammonia application, which 
agrees with the rapid disappearance of ammonia from the soil in suggesting 
direct uptake without the necessity of nitrification as an intermediate stage [cf. 
Eggleton, 1935]. 

The average levels of ammonia and nitrate before adding sulphate of ammonia 
and after its effect had disappeared were very low, of the order of 1-0 and 
0-5 mg. N/kg. respectively. It has been shown elsewhere [Richardson, 1935] 
that equilibria exist in the ammonia and nitrate contents of grassland soils; 
the equilibrium levels in the young grassland soil of the present experiment were 
lower than those observed in older grassland soils. 


Incubated soils 


For incubation, 100 g. of fresh soil from each sample were placed in a 350 ml. 
flask, along with a short test-tube containing 12 ml. of N KOH, and the stop- 
pered flask was placed in an incubator at 30°. On the following day, when the 
moisture content of the fresh soil had been determined, sufficient water was 
added to make up the moisture content to 20% on a dry soil basis. Air was 
blown into the flasks at 2-3-day intervals to maintain the oxygen supply; blank 


28 


1-0 
0-13 
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flasks containing KOH tubes were similarly treated, but the correction necessary 
for CO, in the air was small. After 3 weeks’ incubation the flasks were removed, 
and absorbed CO, was determined in the KOH by double titration, first to 
pH 8-4 (phenolphthalein) and then to pH 3-9 (bromophenol blue) [Orchard, 
1933]. Ammonia and nitrate were determined in the soil by the procedure 
already described. The results are given in Table VIII. 


Table VIII. Ammonia and nitrate nitrogen in incubated soil ; carbon 
dioxide produced during incubation 


April May June July 
ce oe ae 6 
25 * ll 19 26 3 9 16 22 30 
09 22 10 O58 07 11 04 O04 08 06 06 


Sampling date 


Ammonia N, mg./kg. 
(mean of 4) 


s.E. of mean +0-18 
Nitrate N, mg./kg. 
(mean of 4) 10-3 145 12:0 11:7 91 106 96 10:0 55 67 8-2 
S.E. of mean +1-11 
Carbon dioxide C, mg./kg. 
(mean of 4) 364 292 274 295 314 358 338 328 342 307 277 
+15°8 


S.E. of mean 


The soil nitrified readily on incubation, with the result that the ammonia 
values were below those in the fresh soil. The highest ammonia content was 
only 2-2 mg. N/kg. in the sample of 7 May, taken 3 days after sulphate of 
ammonia application. There was a significant rise in nitrate content on 7 May, 
after the addition of sulphate of ammonia, and then a tendency to decrease: 
for some time the values remained about the level of the initial sample, but at 
the end of June there was a fall to values significantly below that level. 

Carbon dioxide production was very high by comparison with nitrate pro- 
duction, and whereas nitrate increased in the samples taken after sulphate of 
ammonia application, carbon dioxide decreased. Throughout May it was signifi- 
cantly below the initial value; it rose to a level nearer the initial value during 
June, but fell again significantly below it at the end of June and the beginning 
of July. 

Some of the fluctuations in the ammonia and nitrate contents of the incubated 
soils were clearly due to the presence of the nitrogen added as sulphate of 
ammonia. To eliminate this, the mineral (ammonia plus nitrate) nitrogen found 
in the fresh soils was subtracted from that in the incubated soils, the difference, 
known as the “‘mineralizable” nitrogen, representing the nitrogen made avail- 
able by the breakdown of soil organic matter during incubation. 

The values for mineralizable nitrogen are shown in Fig. 2, the carbon pro- 
duced as carbon dioxide during incubation being included for comparison. Both 
curves show fluctuations of the type commonly observed in microbiological 
studies of the soil, but there are some clearly marked tendencies. The minerali- 
zable nitrogen was decreasing during most of the period of sampling. Such a 
decrease during the late spring has been observed in other grassland soils 
[Richardson, 1935] and attributed to a seasonal rhythm in the soil organic 
matter. As the soil warms up in the spring, the readily decomposable nitrogen 
in the soil organic matter is mineralized and taken up by the herbage, leaving 
less mineralizable nitrogen to appear on incubation. The mineralizable nitrogen 
was low throughout, by comparison with the level found in older grassland soils. 
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The carbon dioxide values, which may be taken as an index to the amount 
of readily decomposable carbohydrate material in the soil, show a fall after 
sulphate of ammonia addition that was probably due to an accelerated break- 
down of carbohydrates in the field. Then there was a rise, attributable to the 
production of root material rich in carbohydrate by the rye grass. Once this 
ceased, about mid-June (22 June), there was a fall in both carbon dioxide and 
mineralizable nitrogen. The peak corresponded roughly with that of maximum 
content of fructosan. 
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Fig. 2. Changes in the incubation products of rye grass soil. (Note that the vertical scales are 
different for each of the curves.) 


Carbon dioxide and mineralizable nitrogen values frequently appeared to 
move in opposite directions, as would be expected if some mineral nitrogen was 
locked up by the micro-organisms that broke down carbohydrates. The major 
changes in carbon and nitrogen level were not, however, always opposed, and 
the correlation of the two sets of values, although negative, was not significant 
(r = —0-2376). 

The ratio of carbon produced as CO, to mineralizable nitrogen, which gives a 
general index to the condition of the soil organic matter, is also shown in Fig. 2. 
After a slight decrease resulting from the sulphate of ammonia treatment there 
was a general rise until the time of cutting hay; evidently the roots, like the 
shoots, were becoming relatively richer in carbohydrates and lower in nitrogen 
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content, so that their residues gave a wider carbon-nitrogen ratio in the products 
of incubation. The cause of the fall in the ratio after 22 June is not so clear; we 
owe to Dr Nicol the suggestion that there may have been some “resorption” of 
nitrogen back into the roots from the above-ground parts of the plant. 

The soil samples taken from plots cut a week before sampling contained, on 
the average, slightly more ammonia and gave more nitrate and carbon dioxide 
on incubation, but the differences from the freshly cut plots were not significant. 


SUMMARY 


1. The changes in the composition of rye grass cut at weekly intervals 
throughout the season have been studied and at the same time the amounts of 
the more mobile forms of nitrogen and carbon in the soil have been followed. 

2. The presence of a water-soluble fructosan was confirmed; this constituent 
increased to a peak of 30-1 % at about the time of full emergence of the head, 
thereafter decreasing with maturity. 

3. The fructosan accumulates chiefly in the stem and appears to act as a 
temporary reserve, later being utilized for the production of structural con- 
stituents. 

4. The second growth of grass contained a higher proportion of structural 
constituents and less fructosan than the first growth when compared on a basis 
of similar protein content. 

5. Ammonia and nitrate determinations in the fresh soil showed rapid dis- 
appearance of most of the nitrogen added as sulphate of ammonia, with very 
little production of nitrate. 

6. The determination of ammonia, nitrate and carbon dioxide produced by 
incubated soil samples indicated that nitrification was fairly rapid but that the 
amount of nitrate or of mineral nitrogen formed was small in comparison with 
older grassland soils. The soil appeared to become richer in carbohydrate material 
up to the time of hay cutting and consequently the C/N ratio increased. After 
this point a steady decrease was observed. 
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CXCVI. THE DETERMINATION OF LIGNIN 


III. ACID PRETREATMENT AND THE EFFECT OF THE 
PRESENCE OF NITROGENOUS SUBSTANCES 


By ARTHUR GEOFFREY NORMAN 
From the Biochemistry Section, Rothamsted Experimental Station 


(Received 22 July 1937) 


DuRInG the past few years there have appeared a number of papers dealing with 
the determination of lignin, in most cases, in mature woods. Although there is 
now a measure of agreement as to the difficulties to be overcome, there is no 
unanimity as to the most satisfactory procedure which must be adopted. The 
ideal is obviously to obtain full recovery of all the authentic lignin, without 
contamination by condensed or polymerized residues from other constituents. 
Most attention has been given to the interference which may be caused by the 
presence of certain polysaccharides. Errors from this source may be particularly 
serious if the time of contact with the 72% sulphuric acid is prolonged, or if 
the temperature during this digestion is above 20°. It has been suggested that 
such errors may be minimized by control of the conditions of digestion, or by 
an appropriate pretreatment designed to remove the interfering substances. A 
vital point is that the pretreatment should not affect the lignin as a whole or 
any part of it. Ritter et al. [1932] showed that significantly lower lignin figures 
may be obtained if the material is extracted with boiling water for 3 hr. prior 
to the addition of strong acid. They did not give any explanation of this effect 
other than that “‘extractives”’ which might be converted into insoluble products 
are removed. Norman & Jenkins [1934, 1] put forward the case for dilute acid 
hydrolysis as a pretreatment, in order to remove pentose-containing poly- 
saccharides. They stated that the validity of this pretreatment was not proved 
beyond doubt, since it is not certain that lignin, as existing in the plant and 
before coming into contact with 72% sulphuric acid, is completely unaffected 
by hot dilute acids. The principle of a simple acid pretreatment has been ac- 
cepted by Phillips & Goss [1936], but recently has been challenged by Bamford & 
Campbell [1936] on the grounds that the result obtained may still be too high 
through the formation of insoluble products from partially hydrolysed carbo- 
hydrates. It has also been questioned by Cohen & Harris [1937] who take the 
opposing view that the result after such a treatment is too low owing to the 
removal of “soluble lignin”. Bamford & Campbell [1936] do not reject the 
principle of an acid hydrolysis, but believe that one long treatment is less 
satisfactory than several brief treatments, by which means the products of 
hydrolysis are removed as soon as possible. 

The following observations bear on some of the issues raised by the authors 
mentioned and on the more difficult problem of the disturbance caused by 
nitrogenous substances. 

EXPERIMENTAL 


(a) The disturbance caused by non-nitrogenous substances 
The presence of pentose or pentose-containing polysaccharides was shown in 
a previous paper [Norman & Jenkins, 1934, 1] to cause errors in the lignin deter- 
mination unless special precautions are taken. It was demonstrated that fur- 
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furaldehyde is slowly produced in contact with 72% sulphuric acid, and that 
the cause of the disturbance is the condensation of this aldehyde with lignin 
and not necessarily the formation of an insoluble condensation product from the 
furfuraldehyde itself. Lignin in strong sulphuric acid is apparently more reactive 
than has been supposed, and lignin-aldehyde products have been obtained from 
all aldehydes tested. The increment in weight of apparent lignin produced varies 
with the time of contact with the acid but is quite appreciable in as little as 2 hr. 
(Table I). Furfuraldehyde is more active than formaldehyde, acetaldehyde and 


Table I. Condensation of aldehydes with lignin 
Yield of apparent lignin (ash-free) from 0-8 g. oat straw. 15 ml. 72% acid for time stated; 
temp. <20°, diluted to 600 ml. and boiled 2 hr. 


mg. apparent lignin 
mF 


Aldehyde (ml.) 2 hr. 16 hr. 
None 138 159 
Furfuraldehyde 0-025 154 194 

0-05 156 225 

0-1 186 294 

0-2 214 374 

Formaldehyde (40%) 0-5 176 179 
1-0 173 171 

Benzaldehyde 0-05 150 168 
0-2 152 172 

1-0 162 201 


benzaldehyde, and in any case itself gives an insoluble condensation product 

when the combining power of the lignin is satisfied. Aldehydes are not the only 
compounds to condense with lignin under these conditions; ketones and phenolic 
substances may also be retained. Even if the lignin has taken up aldehyde to 

its full ability, phenol may still combine (Table IT). 


Table II. Condensation of phenol and formaldehyde with lignin 


Yield of apparent lignin (ash-free) from 1 g. oat straw. 15 ml. 72% acid for 2 hr.; 
temp. < 20°, diluted to 600 ml. and boiled 2 hr. 


Substance added mg. apparent lignin 
None 176 
0-1 ml. 40% formaldehyde 225 
0-2 ml. 40% formaldehyde 225 
0-1 g. phenol 194 
0-1 g. phenol +0-2 ml. formaldehyde 280 


Ritter & Barbour [1935] have shown that tannins of the catechol type may 
cause interference in the lignin determination, presumably through some similar 


Table III. Condensation of tannic acid with lignin 


Yield of apparent lignin (ash-free) from equivalent amounts of water-extracted and acid- 
hydrolysed wheat straw. Conditions as in Table I 


mg. apparent lignin from 





Tannic acid : ‘ 
added 899 mg. water-extracted 623 mg. acid-hydrolysed 
mg. straw, 2 hr. straw, 16 hr. 
None 173 166 
50 189 176 
100 205 196 


200 209 201 
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condensation. Tannic acid also produces substantial increases in apparent 
lignin (Table ITI). 

These observations make it probable that any phenolic substance present 
in the plant material, or any aldehydic substance produced by the action of the 
concentrated sulphuric acid, may condense with the lignin and give an errone- 
ously high result. The substance in question may not itself give an insoluble 
residue with 72% acid, and the absence of such a residue under any chosen 
conditions of digestion is not conclusive evidence that no interference is caused 
if lignin is present. For example Bamford & Campbell [1936] sought conditions 
of digestion that would give minimum yields of lignin and recommended 5-6 hr. 
at 10°. Xylose treated under these conditions gave only 0-07°% of insoluble 
residue. The experiment should however have been conducted in the presence 
of lignin, since it is quite possible that soluble products capable of condensing 
with the lignin might be formed. If this is done it is by no means so certain that 
the effect of the pentose is negligible, though the results were not consistent when 
a variety of materials was examined. 


Table IV. Effect of addition of xylose to lignin determination 


Yield of apparent lignin % from alcohol-benzene-extracted materials. 0-75 g. xylose added to 
0-75 g. material+15 ml. 72% sulphuric acid. Digestion 6 hr. at 10°, diluted to 600 ml. and 
boiled 2 hr. 


With 

Material Alone xylose 

Oak 26-2 26-9 
Hydrolysed oak* 32-2 33-2 
Silver fir 31-1 32-0 
Hydrolysed silver fir 36-9 38-2 
Hay 14-7 16-2 
Hydrolysed hay 27-0 26-2 
Wheat straw 17-9 17-7 
Hydrolysed wheat straw 25-3 25-4 
Jute 12-2 12-2 
Pine 26-8 27-5 


* All hydrolyses were effected with 5% H,SO, for 1 hr. The hydrolysed samples are not 
expressed on original basis. 


In four cases out of six the addition of xylose to an unhydrolysed material 
resulted in an increase in apparent lignin. The increments are not large con- 
sidering the high proportion of pentose added. A comparison of the hydrolysed 
with the unhydrolysed materials does not suggest that the pentose-containing 
polysaccharides of the latter are causing any serious error in the determination, 
though it cannot be said with confidence that they are wholly without effect. 
Conditions which result in complete solution of the cellulose without at the same 
time causing breakdown of pentoses may be impossible to find, so that the choice 
may have to be made of conditions most nearly approximating to that ideal. 


(b) Acid hydrolysis as a pretreatment 


The use of a single dilute acid hydrolysis as a pretreatment to the deter- 
mination of lignin has been criticized by Bamford & Campbell [1936] as in- 
effective, because with some abnormal woods results higher than on the untreated 
material were subsequently obtained. They say, however, that “greater accuracy 
may conceivably be introduced. ..provided that the products of hydrolysis are 
removed as soon as possible” and suggest that several brief acid treatments may 
be more satisfactory. A very wide range of plant materials has been examined 

99—2 
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in this laboratory during the past 3 years, and in no single case has the lignin 
figure obtained after hydrolysis been higher than that on the untreated material. 
In the aberrant woods mentioned by Bamford & Campbell [1936] the pentose- 
containing substances seem to have been peculiarly resistant to hydrolysis. If 
the acid hydrolysis were intended to prevent any possible pentose disturbance, 
as was presumably the case, then the treatment was futile, and a lower lignin 
figure could hardly have been expected. The fact that slightly higher figures 
were recorded in some cases may have been due either to the formation of some 
non-lignin insoluble product, as suggested by Campbell, or to the condensation 
of some soluble product with the lignin or possibly to both. The former is to be 
deduced from the deposition of an insoluble residue from the filtered acid 
extract on further boiling as recorded by Bamford & Campbell [1936] or on 
standing for some days [Cohen & Harris, 1937] as has also been observed here. 
The second possibility has been demonstrated by the addition of aldehydes to 
the acid used for hydrolysis (Table V). 


Table V. Effect of addition of aldehydes to the acid hydrolysis 


Yield of apparent lignin from 1 g. straw after hydrolysis with 5% sulphuric acid. 
Digestion conditions as in Table I 


mg. apparent 


Aldehyde added lignin 
None 150 
1 ml. furfuraldehyde 159 
2 ml. furfuraldehyde 175 
2 ml. 40% formaldehyde 157 


The statement that slightly lower yields of lignin are obtained by successive 
brief treatments with acid instead of one longer treatment has been confirmed 
on some materials. The important proviso must be added that the total material 
removed by the brief treatments must be roughly equal to that extracted by 
continuous hydrolysis. After four extractions with 100 ml. 5% sulphuric acid 
for successive periods of 5, 10, 15 and 20 min., the lignin yields from oat straw 
and oak were lower than if one continuous hydrolysis were given (Table VI). 


Table VI. Effect of discontinuous acid hydrolysis on apparent 
lignin content 





mg. of apparent lignin from 1 g. aleohol-benzene-extracted material. All results expressed on original 
materials. Digestion conditions as in Table I for times stated 





eee 


Oat straw Oak 
c . \ f ig P ‘ 
Furfur- Furfur- 
aldehyde 2 hr. 16 hr. aldehyde 2 hr. 16 hr. 
Treatment Residue yield _ digestion digestion Residue yield _— digestion digestion 
1. None 100 15-6 17-4 19-4 100 14-4 23-7 26-9 
2. 100 ml. 1% acid 85-0 14-8 16-0 18-3 86-1 14-1 20-2 22-8 
for 2 min. 5 times 
3. 100ml. 5% acid 79-5 12-8 15-6 16-6 83-7 12-1 20-6 22-5 
for 2 min. 5 times 
4. 100ml. 5% acid 62-9 5-8 14-5 14-6 73-4 7-1 20-0 20-7 
for 5, 10, 15 and 
20 min. | 
i 
5. 100ml. 5% acid 61-9 4-5 15-8 15-9 70-1 6-3 20-4 21-1 


for 1 hr. 








a 
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If the difference between continuous and intermittent hydrolysis is due to 
one or both of the possibilities mentioned above, the effect should be enhanced 
by using the acid extract of one portion to hydrolyse another portion. Amounts 
of 3 g. were treated for 5 min. with 100 ml. 5% sulphuric acid and filtered, the 
extract then being employed to hydrolyse an equal portion of the same material 
for a period of 1 hr. Lignin determinations were carried out on portions of 
the residues, the lignin yield in most cases being found to be appreciably higher 
than if a simple or intermittent hydrolysis were given. 


Table VII. Effect of boiling with previous acid extract 
Details as Table VI 








Wheat straw Wheat plants Pine 
co —_ : — - i . ~\ 
2 hr. 16 hr. 2 hr. 16 hr. 2 hr. 16 hr. 
Treatment Residue digestion digestion Residue digestion digestion Residue digestion digestion 
. 5% acid for 1 hr. 62-8 15:3 15-5 50-1 13-1 13-1 80-8 27-1 27-5 
2. Boiled for lhr. with 63-4 16-0 16-5 51-9 13-6 13-5 81-2 27-1 27-6 
5% acid extract 
5 min. 
3. 5% acid for 5 min. 62-0 14-8 14-8 50-8 13-0 13-4 80-6 26-8 27-5 
then 55 min. 
. 5% acid for 5 min. 61-1 14-0 14-6 51-4 12-4 13-0 82-4 26-7 27-6 


then 10 and 45 min. 


The filtered acid extract of most materials on standing for days or weeks 
deposits a brownish black precipitate, instantaneously soluble in alkali to give 
a deep-coloured solution. Bamford & Campbell [1936] mention the formation 
of a similar precipitate on continued boiling of an acid extract and presumably 
consider it to be formed from the hydrolysed carbohydrates. Cohen & Harris 
[1937] prefer to think that a portion of the lignin of woods is soluble in dilute 
acid or even in hot water and that the flocculent precipitate which separates out 
from acid extracts on standing is a polymerized insoluble form of this soluble 
lignin. 

They state that this precipitate from an acid extract of maple wood had a 
methoxyl content precisely similar to that of the true lignin residues, and more- 
over gave the characteristic colour changes on chlorination and addition of 
sulphite. If this view is correct the use of any acid hydrolysis treatment is to 
be avoided except as a means of distinguishing between “soluble” and “‘in- 
soluble” lignin. Their results suggest that the cleavage between the two may be 
clear cut, since prolonged acid hydrolysis did not give lower lignin figures than 
a 2 hr. treatment. The conception of a separate water-soluble form of lignin is 
novel and will require to be substantiated by preparation and characterization. 
Its existence would provide an explanation for the considerable differences in 
apparent lignin yield under the same digestion conditions when an aqueous 
extraction is employed as pretreatment, as in the Ritter-Seborg-Mitchell method, 
and ‘“‘soluble” lignin would take the place of the interfering “extractives” 
postulated by them. At the moment the evidence for its existence is not ex- 
tensive and depends largely on a colour test which may not be as specific as 
has been supposed. It is not necessary to carry out a prolonged aqueous treat- 
ment to obtain an extract which will give a red colour with sulphite after 
chlorination. Wood or straw treated with warm water for 2 or 3 min. will give 
an extract with this property. If excess of baryta is added to the filtered aqueous 
extract of mature straw, a bulky olive-brown precipitate is obtained which settles 
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readily. This may be washed by decantation with water containing baryta and 
finally with boiling water. The dried product suspended in water gives a red 
colour on addition of sulphite after chlorination, and might be said on these 
grounds to contain lignin. Acid permanganate is rapidly decolorized, and with 
ferric chloride a brown-purple colour is obtained. The product contains about 
30 % Ba. If treated with 72 % sulphuric acid a light brown insoluble residue also 
giving the lignin colour test is obtained. The yield of ash-free residue in 16 hr. 
was about 30%, when expressed on the Ba-free product. This crude product 
has not yet been fractionated but must be considered to contain either lignin, 
some lignin-former or precursor, or some substance, probably phenolic, giving 
positive lignin tests and forming an insoluble residue with strong sulphuric 
acid. 

In view of the results obtained by Cohen & Harris [1937] and the obser- 
vations above, the water-soluble and acid-soluble fractions of woods and straws 
would repay further investigation. The information available at present does 
not seem to warrant the immediate rejection of acid hydrolysis as a pretreat- 
ment in the lignin determination, although doubts as to its suitability are 
certainly raised. 


(c) The effect of the presence of nitrogenous substances 


The lignin residues from many plant materials containing protein may 
retain appreciable amounts of nitrogen combined with the lignin. The nitrogen 
is not present as protein, but probably as protein degradation products of 
variable size. The magnitude of the error thus caused varies with the conditions 
of digestion and is generally more or less proportional to the protein initially 
present [Norman & Jenkins, 1934, 2]. So far no means of avoiding this dis- 
turbance has yet been found; most expedients which have been tried have 
resulted also in an effect on the lignin itself. Hydrolytic pretreatment with 
dilute acid is partially successful in minimizing the disturbance and has been 
employed in work on agricultural materials containing proteins. The increments 
in apparent lignin caused by the addition of a known amount of protein tend to 
vary inversely with the digestion time and are not reduced by digestion at low 
temperatures. 

In an attempt to obtain further information as to the nature of the disturb- 
ance, the effects of addition of a number of nitrogenous substances of varied 
type were determined (Table VIII) following two procedures. In the first the 
Ritter-Seborg-Mitchell method, which involves hot aqueous extraction for 3 hr. 
and subsequent digestion with 72 % acid for 2 hr., was adopted, and in the second 
the material was hydrolysed with 5% acid for 1 hr. prior to 16 hr. digestion. 
Equivalent amounts of the extracted residues were taken and the nitrogenous 
substance mixed in before the addition of the 72 % acid. Considerable increments 
in apparent lignin were produced by the proteins and also by fungus chitin, 
the nitrogenous group of which is in the form of hexosamine. The ratios of 
increment in lignin over increase in nitrogen were variable and in nearly all 
cases over 10. The addition of simple amino-acids did not result in any large 
increase in apparent lignin except in the case of tyrosine in which the effect was 
probably due in part to the condensation of the phenolic residue with the lignin. 
The water-extracted straw having 2 hr. digestion seemed more affected than the 
acid-extracted material with a longer digestion period, as has been observed 
before. This was particularly the case with the more complex nitrogenous sub- 
stances such as creatinine, guanine and nucleic acid. The general conclusion to 
be drawn from Table VIII is that the disturbance caused by proteins must be 
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Table VIII. Effect of addition of nitrogenous substances 


Apparent lignin from 1 g. wheat straw (=0-899 g. water-extracted 
or 0-623 g. acid-extracted straw). 


Water-extracted straw, Acid-extracted straw, 
2 hr. digestion 16 hr. digestion 

a cn ae 

Apparent mg. Apparent mg. 

lignin Nin lignin Nin 

Substance added (mg.) mg. lignin mg. lignin 
None 173 1-7 166 1-3 
Casein 50 203 4-7 190 3:8 
99 100 214 7-0 201 6-0 
Wheat gluten 50 207 4:5 186 3-3 
a 100 240 5-8 204 5-1 
Fungus chitin 50 184 2-0 168 15 
100 187 2-0 165 1-8 
2 250 192 2-9 178 2-5 
% 500 205 3-8 192 33 
Glycine 50 177 1-8 166 1-3 
= 100 178 1-6 166 1-3 
9 200 176 1-9 170 1-3 
Alanine 50 185 1-7 164 1-4 
100 190 1-8 166 1-4 
a 200 182 1-7 162 1-3 
Glutamic acid 50 170 1-5 168 1-3 
99 100 174 1-5 169 1-5 
Aspartic acid 50 173 a7 170 1-5 
Asparagine 50 178 1-6 166 1-4 
% 100 177 1-7 167 1-6 
Tyrosine 50 191 2-4 172 2-2 
o 100 190 2-6 169 2-4 
Acetamide 50 172 1-7 166 1-2 
2 100 179 1-5 166 1-3 
Biuret 100 176 1-7 162 1-9 
Betaine-HCl 50 170 1-6 164 1-5 
100 173 L-7 168 1-3 
Creatinine 50 179 1-8 168 1-4 
e 100 184 2-1 166 1-4 
Guanine-HCl 50 177 1-7 164 1-2 
99 100 183 1-9 167 1-3 
Yeast nucleic acid 50 180 1-8 171 1-4 
100 195 1-9 172 1-4 


” 


due to the linkage of large fission products, not necessarily through the amino- 
group. In many cases these fragments which become attached must have 
suffered partial deamination, since the nitrogen content of the increment pro- 
duced is often, though not always, far above 6%. The expedient which must 
ultimately be adopted may have to be directed more towards the breakdown of 
the protein molecule into small units, rather than to the removal of amino- 
groups. 
SUMMARY 

1. Various aspects of the determination of lignin in plant materials are dis- 
cussed. Interference is shown to be produced by the condensation of aldehydes 
or phenolic substances with lignin. Proof of the absence of pentose disturbance 
under any particular conditions must be given by experiments carried out in 
the presence of lignin. 

2. The observation that after intermittent acid hydrolysis slightly lower 
yields of lignin are obtained than after continuous hydrolysis is confirmed. This 
may be due either to the formation cf some non-lignin insoluble product, or to 
the condensation of some soluble product with the lignin. 
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3. The enhanced yields of apparent lignin caused by the presence of protein 
must be caused by the condensation of large protein fragments, partially 
deaminated. The disturbance caused by simple amino-acids and nitrogenous 
bases is of a much lower order. 
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CXCVII. THE COMPOSITION OF SOME 
LESS COMMON VEGETABLE FIBRES 


By ARTHUR GEOFFREY NORMAN 


From the Biochemistry Section, Rothamsted Experimental Station 
(Received 22 July 1937) 


THE composition of many of the better-known vegetable fibres, which find 
commercial use in one way or another for textiles or cordage according to their 
properties, was recently determined, and at the same time an examination was 
made of the type of cellulose present [Norman, 1936]. It was shown that these 
fibres fall into two well-defined groups, one having only small amounts of xylan 
in the fibre cellulose, and the other in which the xylan is considerably higher. 
The so-called fine fibres, such as flax and ramie, fall in the first group, while 
the coarser fibres, such as manilla and sisal, must be included in the second. 
Through the courtesy of Sir Harry Lindsay and the Imperial Institute, it has 
been possible to examine a considerable number of additional fibres, mostly 
of tropical origin and not commonly met with. Few, in fact, find other than 
local usage, the isolation of the fibre from the tissue containing it being frequently 
carried out by primitive means only. The properties of a few of these fibres were 
such as to suggest that, if they were more easily obtainable, commercial develop- 
ment might be possible. 
METHODS 

As before, all samples were finely ground in a high speed mill wherever 
possible to pass a 60-mesh sieve. Sample 20 (Palmyra fibre) proved very re- 
sistant, being similar in this to coir, which it resembles. In this case the analyses 
had to be carried out on material far from homogeneous, which caused the 
cellulose determinations to be unsatisfactory. 

The methods of analysis and their interpretation were described in the 
previous paper [Norman, 1936]. 

RESULTS 

The analyses of these fibres, together with their common names (if any), 
origins, and botanical types are given in Table I. Many of them are somewhat 
similar in composition, containing cellulose in the neighbourhood of 75% and 
5-10 % lignin. There are some which deserve special comment. Sample 9, 
Nigerian jute, is almost identical with the Indian jute sample previously analysed, 
the only difference being a lower content of xylan. Hibiscus cannabinus (Sample 1) 
which is known as Bimlipatam jute contains only half as much lignin as true 
jute, but otherwise is not very different. 

The two samples of Urena lobata (Samples 7 and 8) grown respectively in 
Uganda and India differ considerably in composition, the former being much 
lower in cellulose and a little higher in xylan than the latter. If the xylan is 
calculated as a percentage of the cellulose containing it (Table II), this is the 
more apparent. Sida rhombifolia from Sierra Leone and India (Samples 15 
and 16) is very similar, the percentage of lignin in the former being a little 
greater. 

Palmyra fibre (Sample 20) stands out from all the other fibres examined in 
its high content of lignin, resembling coir in that and in other characteristics. 
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Table I. Composition of fibres 





All results expressed as % of oven-dry material Furfur- 
aldehyde 
Total Cell Xylan from 
Botanical furfur- furfur- in poly- 
No. Fibre and source type* Cellulose Lignin aldehyde aldehyde cellulose uronides 
1 Hibiscus cannabinus a 76-61 5-95 11-30 8-90 13-8 2-4 
(Bimlipatam jute), 
India 
2 4H. diversifolius (Kany- a 72-63 9-06 10-70 7:36 11-4 3-6 
amberege), Uganda 
3H. rostellatus (Kans- a 77-86 6-64 11-58 8-89 13-8 2-7 
ambwe), Uganda 
4 Triumfetta rhomboidea a 60-39 11-18 10-21 6-48 10-0 3-7 
(Bwensambwe), Uganda 
5 __T.. tomentosa (Bin- a 71-48 9-05 9-77 6-88 10-7 2-9 
sambwe), Uganda 
6 Abutilon indicum a 72-18 10-59 13-75 9-62 14-9 4-1 
(Kifala), Uganda 
7  Urena lobata (Kansam- a 63-46 7-81 13-10 9-24 14:3 3-9 
bwe-Kasaja), Uganda 
8 U. lobata, India a 76-92 6-87 12-86 8-66 13-4 4-2 
9  Corchorus capsularis a 72-61 10-15 10-08 6-56 10-2 3°5 
(Green Jute), Nigeria 
10 Sterculia Barteri (Eso), a 74-50 8-64 10-03 7:29 11-3 2-7 
Nigeria 
11 Monodora brevipes a 72-58 10-75 10-59 7-04 10-9 3-5 
(Lakosin), Nigeria 
12. Grewia carpinifolia a 66-05 16-98 10-56 6-38 9-9 4-2 
(Itakan-Okiro), Nigeria 
13. Cola afzelia (Obi Edun), a 75-60 9-85 12-19 8-87 13-7 3°3 
Nigeria 
14 Abroma augusta (Kowie), a 75-90 7-05 12-07 9-45 14-6 2-6 
Sierra Leone 
15 Sida rhombifolia (Helui), a 74-20 12-7 12-56 9-69 15-0 2-9 
Sierra Leone 
16S. rhombifolia, India a 74-84 10-22 13-21 9-88 15-3 © 
17 Honckenya ficifolia a 74-35 10-66 10-8 8-49 13-2 2-3 
(Napunti), Sierra Leone 
18  Sansevieria guineensis b 75-06 7-31 12-35 7-95 12-3 4-4 
(Bowstring hemp), 
Sierra Leone 
19 Malachra capitata, India a 73-41 8-27 12-5 9-72 15-1 2-8 
20 ~=Borassus flabellifer c 63-507 25-01 13-80 10-16 15-7 3-6 
(Palmyra fibre), India (leaf) 
21 Crotalaria juncea (Sunn a 79-27 5-24 3-18 1-96 3-1 1-2 
hemp), India 
22 Adansonia digitata (Bao- a 67-26 5-64 12-77 7-95 12-3 4-8 
bab fibre), Rhodesia (bark) 
23. Furcraea gigantea (Mau- b 79-83 4-83 13-24 9-85 15:3 4-4 
ritius hemp), Mauritius 
24 Ananas sativa (Pine- d 79-62 5-50 10-45 7-22 11-2 3-2 
apple fibre), Sudan (leaf) 
25  Bromelia Magdalenae d 76-35 6-93 9-67 6-80 10-5 2-9 
(Pita fibre), South (leaf) 
America (Colombia) 
26 ~=©Bactris setosa (Tucum c 81-54 7-42 5:13 3-10 4-8 2-0 
palm fibre), South (leaf) 
America 
27 LEriodendron  anfractuo- e 65-67 14-58 13-59 9-78 15-1 3-8 
sum (Kapok fibre),t 
Java 


* Botanical type: a, bast fibres from dicotyledon stem; b, sclerenchymatous fibre bundles with residues of 
vascular bundles; c, vascular bundle with sheath of sclerenchymatous fibre; d, bundles of sclerenchymatous 
fibres accompanying vascular bundles; e, hairs from inner wall of fruiting capsule. 

+ This figure is less reliable than other cellulose determinations. 

t This sample was extracted with alcohol-benzene before analysis. 
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Table II. Xylan as °/, of cellulose 


Sample Xylan Sample Xylan Sample Xylan 
1 18-0 10 15-2 19 20-5 
2 15-7 11 15-0 20 24-7 
3 17-7 12 15-0 21 39 
4 16-6 13 18-2 22 18-3 
5 14-9 14 19-3 23 19-1 
6 20-6 15 20-2 24 14-1 
7 22-6 16 20-4 25 13-8 
8 17-4 17 17-7 26 59 
9 14-0 18 16-4 27 23-1 


Although grinding was difficult and the cellulose figure consequently not so 
accurate as in other samples, the cellulose appears to be appreciably higher 
than in coir, which averages about 54%. Coir, on the other hand, has the 
greater lignin content. The total furfuraldehyde yield and the percentage of 
xylan in cellulose are about the same in these two fibres. 

Sunn hemp (Sample 21) from India is found closely to resemble the European 
hemps previously examined. The cellulose is similar in containing only a small 
quantity of xylan, and this fibre must be added to the small group of low xylan 
type. Sansevieria guineensis, the so-called bowstring hemp, and Fwurcraea 
gigantea, Mauritius hemp (Samples 15 and 23) are not true hemps, though the 
latter contains as much cellulose as Sunn hemp. The cellulose of both is relatively 
high in xylan, and these fibres must accordingly be allocated to the high xylan 
group. 

Baobab fibre (Sample 22) is derived from the bark of a tree, and as might 
be expected is lower in cellulose than the majority of others examined, but at 
the same time it is not high in lignin, nor is the xylan in the cellulose as high 
as in most wood celluloses. 

The analyses of Sample 25, Pita fibre from Colombia, differ considerably 
from those obtained on “Pita grass” and reported earlier. There is however 
some confusion in the description of this fibre. The results suggest what was 
suspected at the time from the unusually high cellulose content, that the samples 
of this fibre previously examined had been subjected to some purification process 
resulting in partial delignification. The xylan calculated as °% of the cellulose 
is very similar in all the samples. 

Tucum fibre or Tucum palm fibre (Sample 26) is separated from the leaves 
of this palm, common in the Amazon valley and along the coasts of Brazil. 
The fibre is high in cellulose and contains about 7 % lignin. The most noteworthy 
feature, however, is that the furfuraldehyde yield is low and the xylan in the 
cellulose under 5 °% . This is unique in being the only leaf fibre yet found to be of 
the low xylan type. The fibre is fine, very strong and durable, but at present 
finds little other than local use in Brazil where it is utilized for fishing nets, bags 
and ropes. 

Kapok (Sample 27) is found in the seed bolls of a tree, Eriodendron an- 
fractuosum, but is entirely different in composition from cotton. The cellulose 
content is only about 65%, and the cellulose is exceptionally high in xylan. 
From the appearance of the fibre it was not to be expected to be more lignified 
than jute or Phormium. Treatment with alcohol-benzene was found essential 
before analysis, and the results are expressed on fibre so treated. 
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Discussion 


It has been pointed out that the common fibres are divisible into two broad 
groups, on the basis of the xylan content of the cellulose present, and that this 
division does in fact separate the high quality textile fibres from those of coarser 
type. The additional fibres now examined permit only the addition of two, 
Sunn hemp and Tucum palm fibre, to the low xylan group. The remainder all 
contain upwards of 13% xylan calculated on the cellulose (Table II). The 
degree of lignification is no indication of the type of cellulose to be met with, 
although no highly lignified fibres have been found to be of the low xylan type. 
There does not at present seem to be any reason why it is possible to group plant 
celluloses in this manner, the low-xylan group with 0-6 % and the high-xylan 
group with 13-25% culminating in the hardwoods and straws. No cellulose 
with xylan between 6 and 13 % has been isolated in this laboratory although a 
very wide range of plant material has been examined. 

There is clear evidence that the proportion of xylan changes during develop- 
ment, but none which suggests that the function of the tissue in any way affects 
the type of cellulose that may be present. Division into two groups according to 
xylan content may be an over-simplification, since no account is taken of the 
relatively short chain hexosan component that occurs with xylan in many plant 
celluloses. This ill-defined group about which information is not easy to obtain 
does not necessarily have the same distribution as the xylan. 


SUMMARY 


The composition of a number of less common vegetable fibres, mostly of 
tropical origin, is given. With two exceptions, Sunn hemp and Tucum palm 
fibre, the cellulose of all samples was found to contain over 13% xylan. 


The author is indebted to Dr 8. E. Chandler of the Imperial Institute for 
the details of the anatomical characters of the fibres. 
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CXCVIII. THE HEMICELLULOSES 
III. EXTRACTION AND PREPARATION 


By ARTHUR GEOFFREY NORMAN 


From the Biochemistry Section, Rothamsted Experimental Station, 
Harpenden, Herts 


(Received 26 July 1937) 


Or the chief cell wall substances, the hemicelluloses are probably the most 
difficult constituents to prepare in a satisfactory state of purity. The conditions 
of extraction recommended by various workers differ considerably, and the 
criteria of purity applied are not uniform. The observations in this paper bear 
on various aspects of the extraction and purification of this group of poly- 
saccharides. 

(a) Pretreatment with alcoholic sodium hydroxide 


The extraction of hemicelluloses is carried out with cold or hot solutions of 
NaOH, in which lignin is also soluble to a considerable extent. In order to 
reduce the amount of lignin passing with the main extract Norris & Preece 
[1930] recommended a preliminary delignifying treatment with alcoholic NaOH, 
and this procedure has in fact been employed subsequently in a number of 
investigations. In an earlier paper of this series [Norman, 1935] evidence was 
given to show that this reagent when hot has a degradative effect on the poly- 
uronide hemicelluloses and to some extent also on the xylan associated with the 
cellulose so that a considerable loss of furfuraldehyde-yielding constituents 
takes place and there is some chance of degradative change in those remaining. 
Different materials were found to vary in degree of susceptibility to this reagent, 
but in nearly all cases there was no doubt that as a result of the pretreatment 
the yield of hemicellulose would be reduced. In recent investigations of the hemi- 
celluloses of hop and of maize cobs Angell & Norris [1936] have claimed that the 
alcoholic NaOH treatment did not result in any loss of hemicellulose from these 
materials on the grounds that the precipitate obtained on acidification of this 
extract failed to yield any furfuraldehyde. However, it might be pointed out 
that this evidence alone is not conclusive, since the degradative effect of this 
reagent, if any, is not necessarily similar to acid hydrolysis, and the fission 
products formed would not necessarily yield furfuraldehyde or even be pre- 
cipitated by simple acidification. To obtain conclusive proof it must be established 
by analysis that the residual material after extraction is not appreciably lower 


Table I. Eatraction of wheat straw with 1°/, NaOH in 50°/, alcohol 


2-5 g. portions boiled with 100 ml. for 1} hr. Results expressed as % of 
original material 


Furfur- Furfur- 
aldehyde Xylan Total aldehyde 
from in furfur- from 
Residue Cellulose cellulose cellulose aldehyde polyuronides Lignin 
Untreated _ 53-5 10-35 16-1 16-52 6-2 15-1 
Extracted 64-95 51-5 8-62 13-4 13-06 4-4 5-0 
( 1579 ) 
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in furfuraldehyde constituents than before. Examples in which this was not the 
case are to be found in the previous paper [Norman, 1935] and an additional 
experiment is given in Table I. 

The analyses of the residue show conclusively that with this material pre- 
treatment with alcoholic NaOH, although effective in delignification, did result 
in a considerable loss of both types of furfuraldehyde-yielding constituents. The 
degradative attack was such that only a part of the furfuraldehyde could be 
recovered from the extracts and none from the precipitate obtained on simple 
acidification (Table II). The straw had lost constituents yielding 3-7 % furfur- 
aldehyde, of which only about one-quarter could be found in the extract. The 


Table II. Experiments on alcoholic NaOH extracts from wheat straw 


All in duplicate. Results expressed as % of original straw 
0 
o 


A. Extract neutralized, concentrated under reduced pressure to remove 
alcohol. Yield of furfuraldehyde : aa ae see 0-84 

B. Extract acidified with excess HCl and filtered. Weight of precipitate... 1-37 

Filtrate from B neutralized and concentrated under reduced pressure to 

remove alcohol. Yield of furfuraldehyde aes os oe 


D. Extract neutralized, concentrated under reduced pressure to small 
volume, half volume concentrated HC] added. Weight of precipitate ... 11-89 


c 


0-92 


E. Filtrate from D. Yield of furfuraldehyde aes ka 0-53 
F. Extract brought to pH 4-0 and filtered. Weight of precipitate 3-06 
G. Filtrate from F neutralized and concentrated under reduced pressure to 

. eee ace eee 0-88 


remove alcohol. Yield of furfuraldehyde 


products produced have not been investigated since they are of no special 
moment. Both volatile and non-volatile acids have been found in the extract 
in amounts significantly greater than are obtainable from the original material 
by simple dilute alkali treatment. 4-8°% volatile acid calculated as acetic was 
obtained from the wheat straw extract and non-volatile acid with a titration 
figure of approximately half that of the volatile. 

From these experiments the conclusion must be drawn that the only satis- 
factory proof of the absence or magnitude of the degradative attack caused by 
hot alcoholic NaOH on the furfuraldehyde-yielding constituents is to be obtained 
by comparison of the analyses of the material before and after extraction, and 


not by examination of the extract. 


(b) Conditions of extraction of hemicelluloses 


Hemicellulose preparations are obtained from alkaline extracts of the 
material under investigation, but the precise conditions employed are variable. 
The strength of the alkali is not usually less than 4°. Some workers confine 
themselves to exhaustive cold extraction, whilst others follow a cold extraction 
with one at the boil. There is now a considerable weight of evidence pointing 
to some form of association between the polyuronide hemicelluloses and lignin, 
which probably amounts to actual linkage [Harris et al. 1934; Norman & 
Shrikhande, 1935]. If the existence of such a complex be recognized, preparatory 
work may be simpler, in that the purpose of the treatment given must be to 
rupture the association. This may presumably be effected with alkali, which 
simultaneously dissolves the hemicellulose and much of the lignin, or more easily 
by chlorination or oxidation of the lignin. Simple alkali extraction in the cold 
even if repeated many times does not usually result in complete removal of 
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the polyuronide hemicelluloses from mature lignified tissues such as woods. 
Sands & Nutter [1935] showed that if exhaustively extracted wood is then 
delignified by alternate treatments with chlorine water and 10% ammonium 
hydroxide, subsequent extraction with cold alkali will remove most of the 
residual hemicelluloses. Their observations have been confirmed, but their pro- 
cedure is not recommended for all purposes because there is undoubtedly some 
loss of hemicellulose in the ammonia extracts. They also employed 10% NaOH 
for the final extraction, a concentration which is unnecessarily high and causes 
too great an attack on the f- and y-cellulose fractions. However, their procedure 
in principle depends on the liberation of the residual hemicellulose by attacking 
and removing the lignin. The purity of the final preparation is not much im- 
proved by the solution of the lignin and oxidized lignin in ammonia, because the 
initial NaOH extract of most materials contains a considerable quantity of 
lignin. A procedure which gives an extensive removal of hemicellulose is to 
chlorinate the residue obtained from the initial cold alkali treatment and after 
washing with a little water immediately to extract again with cold alkali of the 
same strength. Prior to the initial treatment the material should be extracted 
if necessary with organic solvents, with warm water and with dilute ammonium 
oxalate if pectin is present. Analyses of some materials which received one 
treatment with 4° NaOH for 24 hr. and also a second treatment after chlorina- 
tion in faintly acid solution are given in Table ITI. 


Table III. Extraction of hemicelluloses by cold 4°/, NaOH 
before and after chlorination 


Initial treatment 24 hr., chlorination 15 min., final treatment 24 hr. 
All results expressed as % of original material 


Furfur- 
aldehyde Total Polyuronide 
from furfur- furfur- 
Material * tesidue Lignin Cellulose cellulose aldehyde aldehyde 
Barley straw 1 — 16-4 48-6 7-4 18-7 11-3 
2 58-6 7-5 43-9 5-0 7-0 2-0 
3 39-7 3-3 35-2 2-5 3-4 0-9 
Wheat plants 1 — 12-6 38-4 6-5 12-1 0-6 
2 48-9 5-9 35-8 4-9 6-4 1-5 
3 33-6 2-9 28-2 3-0 4-1 1-1 
Oak 1 ~~ 22-3, 53-9 9-2 13-4 4-2 
2 83-9 18-8 52-9 8-1 10-6 2-5 
3 75-0 15-6 51-4 7-3 8-6 1-3 
Wheat straw ] — 16-6 56-7 7-7 16-6 8-9 
2 60-8 7:3 46-0 5:8 8-9 3-1 
3 49-6 4-2 44-5 4-6 6-0 1-4 
Jute 1 _- 11-7 74-9 7-3 10-6 3-3 
2 86-0 10-9 69-7 5-1 7-2 2-1 
3 75-9 6-9 67-6 4-1 5-1 1-0 


* 1=Untreated. 2=Initial alkali treatment only. 3=Residue from 2 chlorinated and re- 
extracted with alkali. 


It will be seen that these two treatments taking only 48 hr. have brought 
most of the polyuronide hemicelluloses into solution. More can be obtained 
by a further treatment, but this is attended by other dangers, as will be 
mentioned later. 

The possibility of using much more dilute alkaline solutions and carrying 
out the extraction at the boiling point has been examined. The assumption that 
hemicelluloses are unaffected by hot alkali seems generally to be made, though 
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without absolute proof, but it is unlikely that solutions as dilute as were employed 
would result in degradation. The procedure adopted was to boil for 30 min. and 
to alternate this treatment with brief chlorination (Table IV). 


Table IV. Extraction of hemicelluloses from oat straw by dilute 
alkaline solution 


Boiled for 30 min., chlorinated for 10 min. 


Furfur- 
aldehyde Total Polyuronide 
from furfur- furfur- 
Treatment Residue Lignin Cellulose cellulose aldehyde aldehyde 

Untreated — 15-9 52-9 9-1 15:3 6-2 
0-1% NaOH 79-6 12-3 52-0 8-2 14-1 5-9 
+1 chlorination 72-5 8-9 50-5 8-0 13-3 5:3 
+2 chlorinations 68-4 6-6 50-1 7-8 12-9 5-1 
0-5% NaOH 58-5 4-4 50-7 8-5 10-2 1-7 
+1 chlorination 51-4 1-9 45-4 7-5 8-8 1-3 
2 chlorinations 47-7 0-7 43-5 6-2 7-5 1:3 
0-5% Na,CO, 77-1 11-6 52-8 8-7 13-8 5-1 
+1 chlorination 67-3 76 51-0 8-0 13-1 5-1 
+2 chlorinations 60-2 41 46-7 77 10-8 3-1 
2% Na,CO, 70:3 8-4 52:1 8-7 12-6 3-9 
+1 chlorination 60-5 43 48-3 73 10-8 3°5 
+2 chlorinations 53-6 1-9 48-1 6-9 8-9 2-0 
M/5 K,HPO, 82-4 12-8 51-5 8-7 14-6 5-9 
+1 chlorination 78-0 11-0 51-0 8-8 14-5 5:7 
+2 chlorinations 73-5 8-9 50-8 8-3 14-0 5-7 


The results indicate that removal of hemicelluloses can be achieved under 
conditions considerably less drastic than sometimes employed. No general 
method can be suggested because different materials vary considerably in 
behaviour to these more dilute solutions, but a procedure using first 2% Na,CO, 
and then, after chlorination, 0-5°% NaOH would result in the solution of the 
major part of the hemicelluloses. 


(c) Purity of hemicellulose extracts and preparations 


Cold alkali, in concentrations from 4 to 10%, as commonly employed, 
extracts hemicelluloses of two types, as well as lignin. Not only do the en- 
crusting polyuronide hemicelluloses go into solution but also some of the 
cellulosan associated with the cellulose. This dual source of the hemicelluloses 
has not been fully recognized and it is a strong criticism of fractionation methods 
that no clear separation is effected. In most cases therefore the preparations 
obtained have been mixtures of polyuronide hemicelluloses with non-uronide 
material from the cellulose. This point is discussed more fully elsewhere [Norman, 
1937]. Up to a point the polyuronide hemicelluloses are more easily extracted 
than the cellulosan and accompanying material from the cellulose, but as the 
conditions of extraction become more drastic so does the proportion of the latter 
to the former increase. In most materials, other than softwoods, the cellulosan 
is xylan, and an investigation of the fractionation of an alkaline extract of 
isolated cellulose has showed that the major part of the xylan is precipitated in 
the B, fraction of the system developed by Norris & Preece [1930]. The hexosan 
simultaneously removed is not precipitated by copper and should therefore be 
found in the B, or C, fraction. 
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The improved fractionation procedure described by Angell & Norris [1936] 
may make it possible to distinguish more satisfactorily between the polyuronide 
hemicelluloses and polysaccharides having their origin in the cellulose, both of 
which will always be present in a simple alkaline extract if the concentration is 
high. Some idea of the relative proportions may be obtained from Table V in 


Table V. Composition of residues from hemicellulose extraction 


Extracted twice for 24 hr. with cold 4% NaOH, chlorinated 15 min., and re-extracted for 
24 hr. with cold alkali. All results expressed as % of original material 


Furfur- Poly- 
aldehyde Total uronide 
from furfur- furfur- 
Material Residue Lignin Cellulose cellulose aldehyde aldehyde P/T* 

Oat straw — 15-9 52-9 9-1 15-3 6-2 
Residue 31-5 2-7 26-8 2-7 3-5 0-8 46 
Holly wood — 19-0 53-7 7-3 14-6 73 
Residue 60-6 12-1 47-5 4-0 4-9 0-9 66 
Wheat straw R = 16-0 53-5 7-7 16-4 8-7 
Residue 51-5 4-9 43-1 4-9 6-6 1-7 71 
Wheat straw M — 15-1 53-5 10-3 16-5 6-2 
Residue 41-4 2-1 38-3 3-7 3-8 0-1 48 
Wheat straw S — 15-1 54-3 9-0 16-6 7-6 
Residue 41-0 1-3 39-4 3-6 4-2 0-6 56 
Wheat plants — 12-6 38-4 6-5 12-1 5-6 
Residue 28-3 — 27-0 2-4 2-9 0-5 55 


* P/T=100 x Polyuronide furfuraldehyde removed/Total furfuraldehyde removed. 


which are given the analyses of the residues after exhaustive extraction with 
4% NaOH in the cold as commonly employed, followed by brief chlorination 
and further treatment with alkali of the same strength. The ratio P/T in the 
final column is an expression in terms of furfuraldehyde of the contribution 
made by the polyuronide hemicelluloses to the total furfuraldehyde in the 
extract. The proportions of polyuronide hemicellulose to cellulose-derived 
material are of course not the same as this ratio, but the figures are sufficient to 
show that in most hemicellulose preparations there is a substantial contribution 
from the cellulose. This is equally apparent if a similar examination be made 
of the analyses given in Table I. Crude or unfractionated hemicellulose pre- 
parations were obtained from each of the combined extracts from holly wood, 
wheat straw M and wheat straw S by precipitation with acid and excess alcohol. 
After purification the furfuraldehyde yield of the preparations was determined, 
and found to be respectively 55-1, 52-5 and 51-2% on the ash- and lignin-free 
basis. From the data in Table V it is then possible to calculate approximately 
the amount of cellulose-derived xylan and hexosan present, assuming no losses. 
In these three preparations this amounted to: 


Holly wood Wheat straw M Wheat straw S 
o/ o/ 


70 % % 
Xylan 29-5 42-7 34-6 
Hexosan 57 19-7 26-5 


Too much weight cannot be attached to these figures since the experimental 
errors are magnified considerably, but they serve to emphasize again the fact 
that the alkali extract of materials such as straw may not consist predominantly 
of polyuronide hemicellulose. If it is desired to investigate this fraction, and if 
fractionation procedures do not effect a good separation, as seems to be the case 
100 
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at present, other means of extraction will have to be sought. There are in- 
dications in Table IV that a brief hot extraction with 0-5 % alkali has a much 
less drastic effect on the cellulose than extraction with cold 4% solutions, and 
if purity were considered more important than the completeness of extraction, 
such a treatment for 30 min. or less would be far better. Alternatively there is 
the possibility of working up the sulphite liquors obtained in the isolation of 
cellulose, though there might be difficulties in getting the preparations entirely 
free from lignin sulphonic acids. Whatever means of extraction is adopted an 
analysis of the residue is desirable in order that the relative proportions of the 
various constituents removed may be known. 

There is another aspect of the purity of hemicellulose preparations which is 
sometimes overlooked. Extraction of any plant material with alkali removes 
lignin, often to a considerable extent, some of which may later be precipitated 
according to the conditions adopted. If the hemicellulose is carefully purified 
by redissolving in alcohol and precipitating with acid or acid alcohol a number 
of times and is thoroughly washed with alcohol, the lignin remaining in the final 
preparation is rarely more than 2-3 %. To reduce this further is often difficult. 
Crude preparations may contain as much as 10-15%. Very few investigators 
have determined the lignin contents of their preparations. Some indeed have 
considered the insoluble residue remaining after simple acid hydrolysis to be an 
integral part of the hemicellulose molecule. For example, Sands & Gary [1933] 
reported 6-5 % of “body X” in the hemicellulose A fraction from mesquite wood. 
Because of the strong probability of its presence this must be assumed to have 
been lignin until the opposite is proved, although there is the further possibility 
of formation of a small amount of insoluble matter as a result of the action of 
acid on pentose groups. 

In order to minimize the amount of lignin to be found in the final preparation 
experiments have been directed along two lines: (1) the reduction of the amount 
of lignin in the original alkaline extract before precipitation of the hemi- 
cellulose, (2) the reduction of the amount of lignin still retained by the hemi- 
cellulose preparation precipitated in the usual manner. Of these two alternatives 
the latter is the more effective, since the former cannot be achieved completely 
without some loss of hemicellulose. The procedure which has been found most 
effective is to redissolve the precipitated hemicellulose in dilute alkali, either 
before or after fractionation and to add a small amount of dilute sodium hypo- 
chlorite followed by sufficient acetic or hydrochloric acid to liberate the chlorine. 
After standing 5-10 min., the minimum quantity of alcohol to effect full pre- 
cipitation is added together with more acid if necessary. The precipitate is 
immediately filtered off and washed carefully with more alcohol of the same 
concentration. It is of importance that the alcohol concentration should not be 
higher than necessary since the lignin oxidation products seem to be less soluble 
in high concentrations. In practice two such treatments have been found to give 
excellent preparations. The expedient of first precipitating all the hemicelluloses 
from the extract by addition of acid and excess alcohol has been adopted 
followed by fractionation of the partially purified product. One chlorination 
may conveniently be given at this stage and the treatment repeated later if 
necessary on the individual fractions after separation. Preparations of low ash 
content have been obtained more readily by using hydrochloric acid for acidifi- 
cation rather than acetic acid as commonly employed. 
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SUMMARY 


1. If hot alcoholic NaOH is to be used as a pretreatment before hemi- 
cellulose extraction, it should be established by analysis of the residue that the 
furfuraldehyde-yielding constituents have not been attacked. The fact that no 
furfuraldehyde can be obtained from the precipitate formed on acidification 
of the alcoholic extract is not conclusive proof that no degradative attack has 
occurred. 

2. Extensive removal of hemicellulose material may be effected by extraction 
with cold 4% NaOH alternated with brief chlorinations. Such extracts may 
contain a high proportion of cellulose-derived polysaccharides. Brief extraction 
with hot, more dilute alkali has a less drastic effect on the cellulose and such 
extracts may consist largely of polyuronide hemicelluloses. 

3. The lignin content of hemicellulose preparations should always be deter- 
mined. It may be reduced by brief treatment with chlorine and thorough 
washing with alcohol of moderate concentration. 
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CXCIX. PHOSPHAGEN FORMATION AND 
OXIDATION OF TRIOSEPHOSPHATE 
IN MUSCLE EXTRACT 
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THE anaerobic synthesis of creatinephosphate in unpoisoned, dialysed muscle 
extract was demonstrated by Ostern et al. [1935], Needham & van Heyningen 
[1935] and Lehmann [1935]. The mechanism suggested for this reaction is the 
transfer of organic phosphate from phosphopyruvic acid to adenylic acid and 
hence to creatine according to the following scheme: 


Hexosediphosphate — Triosephosphate 
| 


| 
| Phosphoglycerate 
| | 
Phosphopyruvate 
| 


y Y 
Glycerophosphate Pyruvate Adenylpyrophosphate 
\ dD 





Lactate + Creatinephosphate 
Triosephosphate 


In the present work, the formation of creatinephosphate under aerobic 
conditions has been studied. In the absence of inorganic phosphate, and with 
hexosediphosphate as substrate, any creatinephosphate formed must arise by 
transfer of organic phosphate from phosphopyruvate. This substance may be 
formed from the phosphoglycerate arising by dismutation or, aerobically, it is 
possible that the triosephosphate is oxidized to phosphoglycerate by means of a 
dehydrogenase system. This oxidation was suggested by von Euler et al. [1936] 
for yeast juice in which they found an enzyme which caused decoloration of 
methylene blue in the presence of triosephosphate and cozymase. The scheme 
would then be: 


Hexosediphosphate + Triosephosphate 
, Oxygen 


Phosphoglycerate 


hance eee 
Creatinephosphate <- Adenylpyrophosphate <— Phosphopyruvate 
| 
Pyruvate 


It was found that the muscle extracts were capable of oxidizing triose- 
phosphate and that iodoacetate had little effect on the oxygen uptake. Investi- 
gations were therefore made of the creatinephosphate formation by extracts in 
presence of iodoacetate to poison the mutase system. The energy relations 
of these changes are discussed later (p. 1592). The aerobic formation of creatine- 
phosphate in the presence of free inorganic phosphate was also studied in the 
present case, as well as the effect of fluoride and iodoacetate upon it. 


1 Francis Maitland Balfour Student, Newnham College, Cambridge. 
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During the course of this work a comparison was made between the oxido- 
reduction activity of the muscle extracts and the activity of the triosephosphate 
dehydrogenase, in an attempt to investigate the suggestion that oxido-reduction 
activity is due to the linked reaction of two dehydrogenases. It is known that 
muscle extract can bring about the dismutation: 


Triosephosphate - Phosphoglycerate and Glycerophosphate 


and can alsoeffect an oxido-reduction between triosephosphate and pyruvate with 
the formation of phosphoglycerate and lactate. It is therefore possible that such 
an oxido-reduction is due to the combination of the lactic and triosephosphate 
dehydrogenases working together, and that in the presence of iodoacetate the 
linking between them is inhibited in some way; or it may be that a mutase, 
itself poisoned by iodoacetate, is concerned. 


TECHNIQUE 


The enzyme preparations used in this work were made from fresh ice-cooled 
rabbit muscle, passed twice through a cooled mincer. Two preparations were 
used. 

(a) An extract of the muscle prepared according to the directions of 
Meyerhof [1936] with a volume of ice-cold water of 1-5 times the weight of the 
muscle. The extracting mixture was stirred for 30-60 min. and strained through 
muslin. After standing for 1 hr. at room temperature for breakdown of sub- 
strates, the extracts were dialysed for times varying from 5 to 40 hr. against ice- 
cooled 0-45 % KCl solution, the solution being changed several times according 
to the length of dialysis. These extracts contained little or no carbohydrate or 
carbohydrate breakdown products. 

(6) An acetone powder prepared from the above extracts either before or 
after dialysis. The extract was precipitated with three times its volume of ice- 
cold acetone, the precipitate being spun off, washed with acetone and ether and 
dried in vacuo over sulphuric acid. A suspension of this powder was made by 
grinding a weighed amount with a known volume of distilled water. If the original 
muscle extract had been precipitated undialysed, the extract of the acetone 
powder was dialysed against distilled water. 

These extracts were buffered either with bicarbonate, bicarbonate + phos- 
phate or phosphate buffer only. In the respiration experiments the pH was 
maintained at 7-2 by means of phosphate buffer, whereas in the creatine- 
phosphate formation work a pH of 8 was used. 

Cozymase was prepared from yeast according to the directions of Green [1936]. 

Sodium hexosediphosphate was prepared from the calcium salt by pre- 
cipitation of the calcium in the form of carbonate. 

Analysis. Estimation of phosphate was done by the method of Fiske & 
Subbarow [1929]. 

The methylene blue, which was present in the aerobic experiments, was 
removed by filtration through kieselguhr on a Biichner funnel. The creatine- 
phosphate was separated from the phosphates having insoluble calcium salts 
by addition of Fiske & Subbarow’s CaCl,-Ca(OH), reagent. After standing for 
20 min. the precipitate was centrifuged off and the amount of creatinephosphate 
in the centrifugate was estimated by standing for 40 min. with the Fiske & 
Subbarow reagents. 

The inorganic phosphate was estimated in the precipitate after solution in 
dilute hydrochloric acid. 
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Lactic acid was estimated by the method of Friedemann & Graeser [1933], 
the protein of the extracts being precipitated by phosphotungstic acid and the 
soluble carbohydrates by the CuSO,-Ca(OH), reagent. 


FORMATION OF CREATINEPHOSPHATE 


All extracts were allowed tostand for 5 days in the ice-chest to destroy adenyl- 
pyrophosphatase, the creatinephosphate-forming capacity being unaffected. 
Methylene blue was added in aerobic experiments to act as an oxygen carrier. 


(1) By transfer of organic phosphate 


Hexosediphosphate was used as substrate as it is rapidly transformed into 
triosephosphate by the extracts. Sodium iodoacetate in a concentration of 
1 : 850 was added to poison the mutase. Experiments were therefore set up as 
follows, anaerobic unpoisoned and poisoned controls being run simultaneously 
with the aerobic experiments. 

Exp. 1. Suspension of acetone powder 80 mg./ml. 5 days old, 24 hr. dialysed. 
2 ml. extract+3 ml. additions. Aerobic samples contained 0-4 ml. of 0-5% 
methylene blue. Each sample contained 0-15 mg. Mg as MgCl,, 0-2 °% NaHCO, 
and 0-5 ml. M/5 sodium hexosediphosphate solution. The samples were shaken 
at 37-5° for 10 min. 





Additions 
co—__ ———aaaA———"7 Phosphate 
Adenylic Cozymase =———~-——- = 
acid Creatine (0-:15%) Creatine P Inorganic P 
Sample mg. mg. ml. mg. mg. 

Aerobic poisoned 0-2 8 0-8 0-2 Unreadable trace 
Aerobic poisoned 0-2 a 0-8 _ Unreadable trace 
Anaerobic unpoisoned 0-2 8 0-8 0-36 Unreadable trace 
Anaerobic unpoisoned 0-2 — 0-8 — Unreadable trace 
Anaerobic unpoisoned 0-2 8 — — Unreadable trace 
Anaerobic poisoned 0-2 8 0-8 — 0-1 
Blank (ppt. immediately) 0-2 8 0-8 — Unreadable trace 


From these results it can be seen that the unpoisoned extract can form 
creatinephosphate anaerobically provided that adenylic acid, creatine and 
cozymase are present. Addition of iodoacetate appears to inhibit the formation 
completely under anaerobic conditions, whereas aerobically there is a forma- 
tion of creatinephosphate up to 55% of the unpoisoned anaerobic yield. The 
phosphorylation must occur at the expense of the hexosediphosphate as the 
inorganic phosphate is very low. The rise in inorganic phosphate observed in 
the poisoned anaerobic sample is probably due to decomposition of some of the 
triosephosphate formed and trapped by inhibition of the mutase. As triose- 
phosphate is hydrolysed by alkali some of the amount present in the sample 
will be decomposed during the 20 min. standing with the alkaline CaCl,- 
Ca(OH), precipitating reagent. 

The effect of fluoride in a concentration of M/50 on the formation of 
creatinephosphate was then observed. It appears from Exp. 2 that fluoride 
inhibits the formation of creatinephosphate both aerobically and anaerobically 
from phosphate combined organically. The same results were obtained using 
another preparation of muscle extract, dialysed for 24 hr. and 5 days old. 

Exp. 2. Acetone powder suspension 5 days old, 15 hr. dialysed. 2 ml. 
extract +3 ml. additions. Each sample contained 0-25 mg. adenylic acid, 10 mg. 
creatine, 0-25 mg. Mg, 0-2 % bicarbonate, 0-5 ml. 0-15°% cozymase and 0-5 ml. 
M/5 hexosediphosphate. 
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Phosphate 

Addition (a 

c—__—/—— Creatine P Inorganic P 
Sample Todoacetate Fluoride mg. mg. 
Aerobic 1: 850 — 0-19 0-05 
Aerobic — M/50 — 0-05 
Anaerobic unpoisoned — _ 0-32 0-06 
Anaerobic 1: 850 —- — 0-08 
Anaerobic — M/50 —_ 0-05 


(2) From inorganic phosphate 

Experiments were then carried out to see whether the presence of free 
inorganic phosphate altered the results in any way. 

Exp. 3. Muscle extract, 5 days old, dialysed for 7 hr. 5 ml.+5 ml. of 
additions, 0-15°% NaHCO,. Each sample contained 12 mg. creatine, 0-3 mg. 
Mg, 1 ml. cozymase, 0-8 ml. M/5 hexosediphosphate, 0-75 mg. adenylic acid and 
2 mg. of P as Na,HPO,. All samples were incubated for 10 min. at 37-5°. 





Phosphate 
Addition a 
ara eas , Creatine P Inorganic P 
Sample Iodoacetate Fluoride mg. mg. 
Aerobic 1: 850 — 0-5 2-5 
Aerobic — M/50 0-5 2-05 
Anaerobic unpoisoned — _- 1-2 2-45 
Anaerobic 1: 850 — , 0°03 2-9 
Anaerobic — M/50 0-29 1-99 
Blank 1: 850 M/50 — 2-4 


From these results it appears that the creatinephosphate formed aerobically 
in the presence of iodoacetate is not produced at the expense of the free inorganic 
phosphate, whereas that formed in extracts poisoned with fluoride corresponds 
with the decrease in free inorganic phosphate. The increase in inorganic 
phosphate observed in the anaerobic iodoacetate sample is due to trapping of 
triosephosphate and its subsequent alkaline hydrolysis. Anaerobically with 
fluoride the creatinephosphate formation is at the expense of inorganic 
phosphate. In other experiments it was found that no creatinephosphate was 
formed in the absence of hexosediphosphate or in the presence of lactic acid as 
substrate for oxidation. 


(3) Comparison with oxygen uptake 

The next series of experiments were designed to show whether creatine- 
phosphate formation under aerobic conditions was of the order of magnitude to 
be expected from the oxygen uptake, assuming that the triosephosphate was 
being oxidized to phosphoglycerate and the phosphate transferred to creatine 
from phosphopyruvate via adenylic acid. It had previously been noted that the 
activities of the two reactions appeared to be similar and to vary with the 
individual enzyme preparations. 

The respiration was measured in Warburg manometers at 37-5°. Each cup 
contained : 

0-2 ml. of 0-5% methylene blue. 

0-25 ml. 0-4 M phosphate buffer pH 7-2. 

0-5 ml. cozymase 0-15 %. 

0-15 ml. iodoacetate solution making concentration 1 : 850. 

1-5 ml. of enzyme preparation. 

0-5 ml. hexosediphosphate was introduced from a side bulb after 10 min. 
equilibration in the bath. The experiments on formation of creatinephosphate 
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were carried out as before and the amount formed aerobically in the presence of 
iodoacetate was compared with the amount calculated from the oxygen uptake 
in. the same time. 

A typical experiment of this kind is as follows: 

Exp. 4. Muscle extract 5 days old, dialysed for 5hr., 5ml.+5 ml. additions. 
Each sample contained 0-75 mg. adenylic acid, 15 mg. creatine, 0-8 ml. 0-15 % 
cozymase, 0-4 mg. Mg, 0:2°% NaHCO, and 2 mg. phosphate P. Samples were 


incubated at 37-5° for 15 min. 
Phosphate 





is 

Creatine P Inorganic P P=of oxygen 

Sample Iodoacetate mg. mg. uptake (mg.) 
Aerobic 1: 850 0-76 2-60 0-61 
Anaerobic 1: 850 0-18 2-99 -— 
Anaerobic — 1-5 2-60 — 
Blank 1: 850 _- 2-60 aad 


From these results it is evident that the creatinephosphate formed aerobically, 
less the small amount present in the anaerobic poisoned sample, is of the order 
to be expected if the phosphate is being transferred from phosphopyruvate 
formed by oxidation of triosephosphate. On the other hand it is seen that there 
is some formation of creatinephosphate in the anaerobic poisoned sample 
suggesting incomplete inhibition of the dismutation. This was tested by the 
capacity of the same extract to form lactic acid both from hexosediphosphate 
alone and from an equivalent mixture of hexosediphosphate and pyruvate in the 
presence of fluoride and iodoacetate anaerobically. 

Exp. 5. 2 ml. extract+2 ml. additions. Each sample contained 0-3 mg. Mg, 
0-8 ml. 0-15 % cozymase and 0-25 ml. of 0-4 M phosphate buffer. The flasks were 


filled with nitrogen and incubated at 37-5° for 15 min. 
Addition 
Sr 
M/5 Hexose- M/5 Sodium Lactic acid 
diphosphate pyruvate formed 
Sample poisoned with ml. ml. mg. 

(1) Iodoacetate 0-5 0-5 0-31 

(2) Fluoride 0-5 0-5 1-6 

(3) Iodoacetate 0-8 —— — 

(4) Fluoride 0-8 ~~ 0-08 


It therefore appears that the dismutation is completely poisoned for hexosedi- 
phosphate alone both by iodoacetate and fluoride and only 80% inhibited by 
iodoacetate when pyruvate is present. This being so it was necessary to see 
whether the respiration in the presence of hexosediphosphate was really due to 
the oxidation of triosephosphate to phosphoglycerate or to the sum of the 
oxidations of «-glycerophosphate and lactic acid formed in dismutation and 
oxidized by the dehydrogenases for these substances. Respiration experiments 
were carried out in the presence of iodoacetate using «-glycerophosphate, lactate 
and hexosediphosphate in equivalent amounts as substrates. The extracts used 
were not very active but in every case the oxidation of hexosediphosphate was 
more than twice as great as the control whereas the oxygen uptake with the 
glycerophosphate and lactate was never greater than the control respiration. 
It follows that the oxygen uptake in the presence of iodoacetate cannot be due 
to oxidation of dismutation products. 
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FORMATION OF LACTIC ACID 


During early respiration experiments on these extracts a comparison of 
the aerobic oxygen uptake in the presence of iodoacetate and the anaerobic 
lactic acid formation in the presence of fluoride was made in an attempt 
to discover whether the oxido-reduction depended on the lactic and triose- 
phosphate dehydrogenases working in conjunction. If the formation of lactic 
and phosphoglyceric acids from pyruvic acid and triosephosphate anaerobically 
involves the triosephosphate dehydrogenase, then one might expect the phospho- 
glyceric acid formed anaerobically to be equivalent to the oxygen uptake with 
triosephosphate aerobically (one molecule of phosphoglyceric acid to one atom 
of oxygen). As the lactic acid formed is equivalent in this oxido-reduction to 
the phosphoglyceric acid formed, the matter was more readily investigated by 
comparing the anaerobic lactic acid formation with the oxygen uptake. Two 
examples of these comparisons are given below: 

Exp. 6. Suspension of acetone powder, 5 hr. dialysed. Aerobic samples as 
in respiration experiments above. Anaerobic samples as in Exp. 5 (2) above. 


1 ml. extract +2-3 ml. additions. 0 os . 
xygen=of lactic 
Oxygen uptake/hr. acid formation/hr. 
pl. pl. 
(1) 65 117 
(2) 60 108 


In each experiment the oxygen equivalent of the lactic acid formed from 
hexosediphosphate and pyruvate in the presence of fluoride was greater than the 
oxygen uptake aerobically in the presence of iodoacetate. As the respiration in 
the latter case falls off sharply after 15-20 min., the rates of formation of lactic 
acid and uptake of oxygen were compared and here it was found that the bulk of 
the lactic acid was also formed within the first 15-20 min. 


Exp. 7. Suspension as in Exp. 6. 
Oxygen=of lactic acid 


Oxygen uptake/15 min. formed/15 min. 
ul. pl. 
50 94 


It would appear from these results that, although the speeds of the reactions 
are different, there is a similarity in their falling off with time. It is interesting 
that the iodoacetate, which inhibits the oxido-reduction almost completely, affects 
the dehydrogenase only to the extent of 15-30%, the preparations used showing 
an increase in respiration of this degree when unpoisoned with iodoacetate. 

During the course of these experiments it was noticed that the presence of 
cozymase greatly increased the yield of lactic acid, adenylpyrophosphate having 
no such effect. This was also observed by Meyerhof [1936] who published the 
observation about the same time. Lack of cozymase in aerobic experiments 
causes a 50% decrease in respiration. 

Exp. 8. Suspension of acetone powder from 30 hr. dialysed extract. 2 ml.+ 


1-3 ml. of additions. Lactic acid forma- 
Oxygen uptake/30 min. tion/30 min. 
Sample ul. mg. 
(1) +Cozymase 105 6-7 
No cozymase 50-4 0-84 
(2) +Cozymase 90-5 6-5 
No cozymase 45-0 0-72 


It appears from this that the two systems are again affected to different 
degrees by the absence of cozymase. 
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Discussion 


The formation of creatinephosphate under aerobic conditions is of interest 
owing to the important role assigned to this substance in the contracting muscle. 
As the muscle probably works normally under more or less aerobic conditions it 
is to be expected that some system of oxidation should be involved in the 
formation of creatinephosphate. 

In the present work where there is no free inorganic phosphate creatine- 
phosphate is formed aerobically in the presence of iodoacetate but not anaerobi- 
cally. The phosphate can only arise from organically combined phosphate and, 
as dismutation is inhibited, the phosphopyruvate cannot be formed by this 
reaction. It would appear, therefore, that the following reaction is taking 
place: 

+0 
(1) Hexosediphosphate — Triosephosphate — Phosphoglycerate 


- 
Creatinephosphate <- Adenylpyrophosphate <— Phosphopyruvate 
Pyru vate 


and that the energy for this formation of adenylpyrophosphate is obtained from 
the breakdown of the phosphopyruvate. 

In the presence of fluoride, which does not inhibit dismutation but prevents 
further breakdown of the products of this reaction, no creatinephosphate is 
formed and it would therefore appear that the energy of dismutation cannot 
be utilized for this formation as the organically combined phosphate cannot be 
transferred either from phosphoglycerate or glycerophosphate to the adenylic 
acid. 

In the case where free inorganic phosphate is present it is noticeable that 
creatinephosphate formation aerobically in presence of iodoacetate does not 
appear to be at the expense of the inorganic phosphate. It would therefore appear 
that the reactions 


(2) Adenylic acid + H,PO, - Adenylpyrophosphate 
Triosephosphate + O — Phosphoglycerate 


are not coupled under these conditions. 

In the presence of fluoride, creatinephosphate formation occurs both 
aerobically and anaerobically at the expense of the inorganic phosphate so that 
the reactions 

(3) Adenylic acid +H,PO, - Adenylpyrophosphate 
Triosephosphate — Phosphoglycerate + Glycerophosphate 


appear to be coupled. This reaction will be described in detail by Needham 
& Pillai elsewhere. 

The coupling of oxidation and esterification of inorganic phosphate was 
suggested by Lennerstrand & Runnstrém [1935] in their system—apozymase + 
cozymase + hexosediphosphate + glucose +methylene blue in the presence of 
fluoride to inhibit fermentation. This coupling is again suggested by Lenner- 
strand [1937] for haemolysed horse blood corpuscles using hexosediphosphate as 
substrate and phosphorylating adenylic acid in the presence of free phosphate. 
In his earlier work [Lennerstrand & Runnstrém, 1935] he found that inorganic 
phosphate was necessary for respiration and that respiration and esterification by 
the horse blood corpuscles were completely inhibited by the presence of iodo- 
acetate. In the present study of the muscle system free inorganic phosphate in 
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the concentration suggested by Lennerstrand did not appear to increase the 
oxygen uptake, whilst iodoacetate merely inhibited it 15-30 % and did not inhibit 
the phosphorylation of adenylic acid. It would therefore appear possible that the 
source of energy for the phosphorylations observed by Lennerstrand might be 
dismutation of triosephosphate and not its oxidation as he suggests. This would 
account for the need of inorganic phosphate and for the inhibition of phosphory- 
lation by iodoacetate and not by fluoride. The observed oxygen uptake in his 
system may be due to oxidation of «-glycerophosphate by its dehydrogenase and 
this again would be inhibited by iodoacetate as formation of «-glycerophosphate 
by dismutation would cease. On the other hand the suggestion that in Lenner- 
strand’s experiments the source of energy is dismutation leaves unexplained 
the necessity which he observed for the presence of the oxygen carrier. 

Needham & Pillai [1937] and Meyerhof [1937] have shown that the energy 
of certain anaerobic dismutations and oxido-reductions can be used in the 
synthesis of adenylpyrophosphate or creatinephosphate from free phosphate. 

It would therefore appear that the aerobic phosphorylation of creatine in 
muscle extract in the presence of iodoacetate and in the presence or absence of 
free phosphate is accomplished by transfer of phosphate from phosphopyruvate 
(reaction 1) and not by coupling of oxidation of triosephosphate and esterifica- 
tion of free phosphate. In the presence of fluoride however phosphorylation 
appears to be at the expense of the free inorganic phosphate. This occurs 
anaerobically by reaction (3), but aerobically either by reaction (3) alone or 
possibly by this and some reaction coupling oxidation and phosphorylation, as it 
will be seen from Exp. 3 that the amount of creatinephosphate formed aerobically 
is twice as great as that formed anaerobically in the presence of fluoride. 

The above experiments also suggest that the triosephosphate dehydrogenase 
plays no part in the anaerobic oxido-reduction process of lactic and phospho- 
glyceric acid formation. It is interesting to compare with this the results of 
Dixon & Lutwak-Mann [1937] who proved that the acetaldehyde mutase and 
dehydrogenase of horse liver are two separate enzymes. It is also interesting 
to note that Needham & Pillai [1937], working with a similar aqueous extract of 
muscle acetone powder, find good triosephosphate dismutation activity in the 
clear centrifugate of this extract, whereas in the present work such a centrifugate 
was found to be practically inactive in the aerobic oxidation of triosephosphate. 

The effect of cozymase on lactic acid formation in this system is greater than 
its effect on the oxidation of triosephosphate, and this again suggests that the 
two mechanisms are distinct. 

SUMMARY 

1. Aerobic formation of creatinephosphate in absence of free inorganic 
phosphate and presence of hexosediphosphate and iodoacetate is demonstrated. 

2. Aerobic formation of creatinephosphate in presence of free inorganic 
phosphate, hexosediphosphate and iodoacetate or fluoride is also shown, the 
formation being at the expense of inorganic phosphate in the fluoride experiments 
but not in the iodoacetate experiments. 

3. From these results it is deduced that the energy necessary for phosphory- 
lation in the presence of iodoacetate is not obtained by oxidation of triose- 
phosphate but by breakdown of the phosphopyruvate formed by such an 
oxidation, and that coupling of the oxidation with phosphorylation of creatine 
by free inorganic phosphate does not occur. It is also deduced that the energy 
for phosphorylation of creatine by fluoride-poisoned extracts is obtained either 
from coupled dismutation alone, or possibly from coupled dismutation and a 
coupled oxidation. 
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4. Results were obtained suggesting that, in the oxido-reduction reaction 
of triosephosphate with pyruvic acid, triosephosphate dehydrogenase is not 
concerned. 


I would like to express my gratitude to Dr D. M. Needham for much kind 
help and criticism during the course of this work. 
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THE question of the interaction of sugars with amino-acids and polypeptides is 
important both to the chemist and physiologist. It has therefore been the sub- 
ject of several investigations. 

On the basis of experiments with protein hydrolysates or amino-acids and 
glucose, Kostytchew & Brilliant [1923] were the first to conclude that in slightly 
alkaline aqueous solutions at 55° a reaction occurs which leads to a diminution 
of the detectable NH,-nitrogen. 

Borsook & Wasteneys [1925], working at 37°, and employing a more exact 
technique (NH,-nitrogen determinations according to Van Slyke) confirmed the 
findings of the above authors. They also found that the reaction, as measured 
by the NH,-nitrogen diminution is increased with increasing alkalinity of the 
medium. 

Neuberg & Kobel [1925; 1926; 1927, 1, 2; 1928] were the first to use a static 
method for investigating the reaction in question. Their method consisted in 
measuring the changes in the optical rotation. They found that on adding an 
amino-acid to fructose an immediate change in the optical rotation occurs, 
whereas with glucose no such change appears. 

Euler and co-workers [1926; 1928] used the cryoscopic method and were the 
first to study the reaction quantitatively. For their discussion of possible errors 
involved in the technique of the other authors the reader should refer to the 
1928 paper. In accordance with previous findings of other investigators they 
found that, with increasing pH, the reaction takes place to an increasing degree. 
The contrary results reported by Waldschmidt-Leitz & Rauchalles [1928], who 
found a reaction optimum at pH 8 in the case of glycylglycine and glucose, are 
explained by assuming that pH 8 forms a velocity optimum but not an equili- 
brium optimum of the reaction. 

All these findings seem to indicate an additive combination of the two 
components. There are also references in the literature, mainly of recent date, 
to a reaction between the two components which seems to be of a quite 
different type. Borsook & Wasteneys [1925] had observed that mixed solutions 
of glucose and glycine acquired the property of reducing methylene blue. 
Watanabe [1932] found that in solution mixtures of glucose and amino-acids 
at a high alkalinity and a temperature of 100° decomposition takes place 
leading to the formation of strongly reducing products. These findings were 
confirmed and extended by Akabori [1933] working at 37° as well as at higher 
temperatures. 

On reviewing these results it becomes clear that there exists evidence of an 
interaction between amino-acids and aldoses in mixed solution. But funda- 
mental differences exist in the findings of the various authors. Thus most of them 
are of the opinion that with simple amino-acids and sugars the reaction only 
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occurs at an alkaline reaction, and that with increasing pH it proceeds without 
showing a pH optimum. On the other hand Waldschmidt-Leitz & Rauchalles 
[1928] found a pH optimum in the only case investigated by them, that of 
glycylglycine and glucose. This discrepancy in the results makes it probable 
that different types of reaction between the amino-acids and sugars occur. 
Perhaps under different experimental conditions and a different technique 
different parts or the totality of the chemical interactions are measured. 

The present investigation was undertaken in the hope of clarifying the 
position. It was to be expected that under mild reaction conditions the inter- 
action between amino-acids and sugars in solution would be confined to a reaction 
between the amino-group of the acid and the aldehyde group of the sugar, 
these being the prominently reactive groups of the two components. It was 
ascertained that only aldoses react with amino-acids under the conditions of our 
experiments. A decrease in pH following the combination of the basic NH,- 
group of the amino-acid and the aldehydic group of the sugar was to be expected, 
and was indeed subsequently found. By the use of this fact it was possible to 
develop a potentiometric method of measurement, similar to that used by 
various authors [Harris, 1924; 1929; Levy, 1933; 1934; 1935; Balson & Lawson, 
1936; Tomiyama, 1935] in the theoretical investigation of Sorensen’s form- 
aldehyde titration. 


MertHop 


The interaction of the amino-group of the «amino-acid and the aldehyde 
group of the sugar is marked by a decrease in the pH, since in this reaction the 
basic group of the amino-acid disappears. The extent of the decrease in the pH 
would be expected to constitute a quantitative indicator of the extent of the 
reaction. This consideration is the common basis for all the forms of the method 
used. 

(1) Comparative titration of (a) mixtures of the two components and (b) the 
individual amino-acids by NaOH. The standard curve was obtained by electro- 
metric titration of the amino-acid with NaOH. The second curve was con- 
structed on the basis of a titration of a mixture of sugar and amino-acid, in the 
same concentration as in the standard solutions, with NaOH. The difference in 
pH between the amino-acid curve and the mixture curve at equal additions of 
NaOH can be accounted for by the reaction. Special experiments have shown 
that only negligible amounts of the NaOH reacted with the sugars in question 
under the experimental conditions maintained (pH 5-11) [cf. Urban & Shaffer, 
1932]. 

(2) Mutual titrations. Each component was separately dissolved, both were 
brought to the same pH and one component was titrated by the other. This 
method permits one to follow the pH changes within a wide range of concen- 
tration starting at the same pH. 

In both (1) and (2) the potentiometric technique was used. 

(3) Colorimetric method. In certain cases a colorimetric method for detecting 
the pH changes was used. This method is sometimes advantageous since the 
interaction between the amino-acids and sugars in aqueous solution proceeds 
over a relatively long time interval, and it may be more convenient in this 
method to allow the mixtures and appropriate controls, after adding the 
indicators, to stand till the reaction is finished. 

For exact quantitative determinations potentiometric methods must be 
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RESULTS 


With all combinations of amino-acids and aldoses tested, we found that 
under suitable pH conditions a reaction takes place. We investigated (1) amino- 
acids and mono-aldoses, (2) amino-acids and aldo-disaccharides, (3) some 
peptides and mono-aldoses, (4) some peptides and aldo-disaccharides. 

(1) To test the assumption that the interaction between sugars and amino- 
acids depends upon the presence of an aldehydic group in the sugar molecule, 
glycine or alanine as representatives of «-amino-acids, and fructose, sucrose 
or raffinose for non-aldehydic sugars and mannitol were investigated; no 
indication of a reaction, of the kind characterized above, could be found by 
colorimetric or potentiometric measurements. The curves obtained from the 


Table I. Potentiometric titration of amino-acids and non-aldehydic sugars in 
mixed solution and of amino-acids alone at equal concentrations, against 


N/10 NaOH at 17° 


5 ml. 5 ml. 5 ml. 5 ml. 

5 ml. glycine glycine 5 ml. alanine alanine 

glycine M/2+5ml. M/2+5ml. alanine M/2+5ml. M/2+5ml. 

M/2+5 ml. sucrose fructose M/2 +5 ml. sucrose fructose 
Additions of H,O M/l M/l H,O M/l M/l 
NaOH in ml. pH pH pH pH pH pH 
0-0 6-29 6-29 6-29 6-29 6-29 6-29 
0-5 8-07 8-07 8-07 8-07 8-04 8-04 
1-5 8-59 8-58 8-58 8-60 8-56 8-56 
3-5 8-98 8-98 8-96 8-98 8-96 8-96 
5-5 9-19 9-19 9-19 9-20 9-19 9-19 
8-5 9-46 9-46 9-46 9-46 9-46 9-46 


data of the titration of the binary mixtures with NaOH were identical with 
those of the amino-acids themselves. On the other hand, the aldo-disaccharides 
maltose and lactose gave a definite reaction. It is thus clear that the presence of 
an aldehydic group in the sugar is essential for the reactions. 

(2) The «-amino-acids glycine, dl-alanine, dl-valine, dl-leucine, dl-asparagine, 
d-glutamic acid and l-aspartic acid were tested in solution with either glucose, 
mannose or galactose for the appearance of the interaction. In all cases a distinct 
reaction was observed in aqueous solutions, although quantitative differences 
exist. In principle the same results were obtained with the dipeptides, glycyl- 
glycine, glycylleucine and leucylglycine. Here also quantitative differences 
seem to exist both between the peptides themselves and between peptides and 
amino-acids. These points are under special investigation as is also the behaviour 
of the basic amino-acids. Most of the results will be summarized in connexion 
with other points to be discussed later. Table II, containing the results obtained 
with dl-valine and H,O, sucrose, glucose and mannose, presents a typical example 
of the mutual titration technique. 


Table II. Mutual potentiometric titrations of dl-valine with H20, d-glucose, 
d-mannose and sucrose at 24° 


Additions of either + glucose + mannose +sucrose 
H,O or sugars to 5 ml. +H,O M/1 M/2 M/i 
dl-valine M/4 in ml. pH pH pH pu 
0-0 7-58 7-58 7-58 7-58 
1-0 7-60 7-52 7-48 7-60 
2-0 7-60 7-43 7-38 7-60 
4-0 7-60 7-31 7-30 7-60 
6-0 7-60 7-23 7-24 7-61 














1598 M. FRANKEL AND A. KATCHALSKY 


(3) In order to compare the reactivity of formaldehyde and different sugars 
towards amino-acids, the reaction between «-dl-alanine and formaldehyde, 
glyceraldehyde, l-arabinose, d-glucose, d-galactose and lactose respectively was 
investigated in a series of experiments. The results are presented in Table IIT 


Table III. Potentiometric titrations of mixture solutions containing dl-alanine 
and either H20, formaldehyde, glyceraldehyde, l-arabinose, d-glucose or lactose 
against N/10 NaOH at 24° 


5 ml. 5 ml. 5 ml. 5 ml. 5 ml. 
5 ml. alanine alanine alanine alanine alanine 
alanine M/4+5ml. M/4+5ml. M/4+5ml. M/4+i5ml. M/4+5 ml. 

Additions of M/4+5ml. formalde-  glyceralde- arabinose glucose lactose 
N/10 NaOH H,O hyde M/4 hyde M/4 M/4 M/4 M/4 
in ml. pH pH pH pH pH pH 
0-0 6-26 5-67 5-65 6-17 6-11 6-21 
0-5 8-27 7-24 7-61 8-08 8-13 8-21 
1-0 8-62 7-63 7-93 8-40 8-48 8-57 
2-0 8-96 8-04 8-16 8-77 8-82 8-91 
3-0 9-15 8-33 8-57 8-94 8-98 9-10 
5-0 9-46 8-74 8-94 9-32 9-32 9-42 
7-0 9-73 9-12 9-25 9-61 9-61 9-68 
9-0 10-01 9-47 9-52 9-88 9-91 9-95 
12-0 10-61 10-23 10-32 10-47 10-47 10-49 


10-0 


90 





05 10 20 30 40 50 60 70 80 90 100 HO 12:0 


Additions of V/10 NaOH in ml. 
Fig. 1. Comparative potentiometric titrations of mixture solutions containing alanine and 
either H,O, formaldehyde, glyceraldehyde, arabinose, glucose or lactose against V/10 NaOH. 


o 5ml. alanine M/4 +5ml. H,O x 5ml. alanine M/4 + 5ml. lactose M/4 
+ 5ml. alanine M/4 +5 ml. glucose M/4 e 5ml. alanine M/4 + 5ml. arabinose M/4 
© 5ml.alanine W/4 + 5ml. glyceraldehyde M/4 @ 5ml.alanine V/4 +5 ml. formaldehyde M/4 


and in Fig. 1. Under comparable conditions the general shape of the curves is 
the same; it therefore may be assumed that the reaction is the same in principle 
throughout, but it appears that the reaction is strongest with formaldehyde and 
the open-chain sugar (glyceraldehyde), diminishes with lactonic monosaccharides 
(arabinose, glucose), and is weakest with aldo-disaccharides (lactose). 





Final depression in pH 
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(4) The question of the pH range and the pH-optimum of the reaction. 
Investigations were carried out to determine the pH range of the interaction in 
aqueous solution and whether a pH optimum is detectable. Starting at different 
hydrogen ion concentrations and applying the technique described as form (2), 
it was shown in all investigated cases that the pH range within which the 
reaction occurs varied with the nature of the components involved, but in no case 
exceeded approximately 4-5-11. Tables IV and V, and Figs. 2 and 3, give some 
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Fig. 2. pH range and optimum of the reaction between glycine M/2 and formaldehyde and 
various sugars. 





e Glycine M/2 + formaldehyde M/2 ;@ Glycine M/2 + xylose M/2 
| VY Glycine M/2 + glyceraldehyde M/2 _ | 0 Glycine M/2 + galactose M/2 
_.__ J o Glycine M/2 + maltose M/2 $jj$ ~~~" x Glycine M/2 + mannose M/2 
| + Glycine M/2 + lactose M/2 | @ Glycine M/2 + glucose M/2 
Fig. 3. pH range and optimum of the reaction between glycylglycine and various sugars. 
o Glycylglycine M/4 + galactose M/2 O Glycylglycine M/4 + lactose M/2 
+ Glycylglycine M/4 + glucose M/2 © Glycylglycine M/4 + maltose M/2 


examples of the observed pH range of the reaction between glycine and formalde- 
hyde, glyceraldehyde, xylose, glucose, mannose, galactose, lactose and maltose re- 
spectively, and between glycylglycine and glucose, galactose, lactose and maltose 
respectively. Within this range, in all cases, the existence of an optimum pH zone 
was clearly revealed. It may be of importance also from the physiological 
point of view that in all cases investigated the optimum pH zone is within the 
physiological range. 

In order to ascertain whether the range and maximum of the pH depression 
are attributable to the chemical reaction only of the mixture components, and 
not to a variation in the buffer capacity of the amino-acid with varying pH, 
colorimetric experiments were performed with glycine and glucose in varying 
concentrations. 

The results show that neither the shape of the curve nor the optimum of 
the pH depression is influenced by the concentration of the components (cf. 
Fig. 4). 

The results presented in Tables VII and VIII show that, like the «-amino- 
acids, glycine ethyl ester, the dibasic -amino-acids (aspartic and glutamic 
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acids) and the amide of aspartic acid have approximately the same pH range 
and optimum of reaction. It therefore seems that the pH range and optimum 
of the reaction are largely independent of molecular substituents other than the 
o%-amino-group. 

(5) As already mentioned, Borsook and afterwards Euler and his co-workers 
inferred from their measurements (NH,-nitrogen decrease; cryoscopic method) 
that the interaction between amino-acids and 
aldoses increased continuously with increas- 
ing pH. We were able to confirm that in 
alkaline medium a reaction between the two 
components occurs. In our opinion, however, 
the reaction occurring at relatively strong 
alkaline reactions is different from that dealt 
with previously in this paper, which is 
marked by a lowering of pH and by a pH 
optimum. It is well known that in alkaline  %054$-—-7939—-30—~—O~—~O100 
solutions sugars, e.g. glucose, easily undergo Starting pH 
decomposition. As mentioned above, Wat- i el ita i i 
anabe [1932; 1933] and Akabori [1933] found “'fween’ glucose and glycine in different 
that in the presence of amino-acids the de- concentrations. 
composition of glucose in gently heated o Glycine M +glucose M 
alkaline solutions is accelerated and that the A Glycine M/2+glucose M/2 

< ‘ V Glycine M/8+glucose M 
amino-acids themselves are decomposed, 
forming aldehydes, ammonia and CO,. They carried out their experiments in 
a range of 100° to 37°. Neuberg & Kobel [1927, 2] found that decomposition 
products of sugars—methy] glyoxal and others—decompose the amino-acids. 

As we mentioned above, the interaction between amino-acids and sugars 
takes place in slightly acid, neutral or in slightly alkaline medium and is 
practically entirely inhibited at about pH 11. On the other hand we were able 
to show that, in alkaline media, a second type of reaction occurs which is 
favoured by high alkalinity even at room temperature. This second reaction type 
is distinguished from the first by a much lower velocity and is not accompanied 
by a marked decrease in pH. We sought some preliminary insight into its nature. 

No ammonia could be detected even after prolonged standing (about 10 days) 
of the mixture solutions at different alkaline reactions. This observation was 
also made by Neuberg and by Kostytchew. A suitably prepared fuchsine-SO, 
reagent, which reacts with aldehydes but not with monosaccharides, gave no 
reaction with the fresh mixture solution at pH 9, 10 or 11. But after standing 
at room temperature for 2 days or more at the same pH, the solution mixture 
developed an ever deeper red, indicative of the presence of carbonyl groups other 
than those of the sugars. The colour was obtained only in solutions containing 
both components; at the same pH and at the same time interval no colour was 
obtained in the control solutions containing one of the two components. The 
particulars of this process are under investigation. 

It is known that the stability of the sugars is strongly reduced with in- 
creasing alkalinity. As a working hypothesis we suggest that a decomposition 
occurs. The reducing decomposition products might react with the amino-group 
of the amino-acids or destroy the whole amino-acid molecule [Neuberg and 
Kobel, 1927, 2], causing a diminution in the free NH,-nitrogen, and possibly by 
a further reaction a diminution in the number of the molecules, such as has been 
found by various authors. The progress of this reaction with increasing pH 
would, on these assumptions, be easily comprehensible. 
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The results of Borsook & Wasteneys and Euler and collaborators in alkaline 
medium seem to be due therefore to the overlapping in slightly alkaline medium 
of both reactions and to the dominance of the second, more complicated type of 
reaction, at the higher pH. The interaction of sugars and amino-acids for which 
the formation of Schiff’s bases and the formaldehyde titration are the prototype, 
plays no role or at least no decisive role in this second reaction. 


EXPERIMENTAL 


Substances. The amino-acids were pure, prepared and analysed by Hoffman- 
La Roche. The sugars were chemically pure samples and of different manu- 
facture, mainly Schering-Kahlbaum and B.D.H. 

Technique. Potentiometric: the usual platinum blackened electrodes were 
used in suitable titration vessels. With constant stirring, a stream of purified 
hydrogen was passed during the whole time through the vessels. Additions to 
the vessel contents were made through burettes fitted by corks. 

Colorimetric technique: Clark and Lubs indicators were used. The solutions 
were kept in stoppered test-tubes in the dark. 


SUMMARY 


1. A method is developed whereby the interaction of «-amino-acids and 
sugars may be followed by the lowering of pH, consequent upon the disappear- 
ance of the —NH, groups, during the reaction. 

2. The interaction occurs only with aldo-sugars. 

3. The interaction of a number of «-amino-acids and peptides with mono- 
aldoses and aldo-disaccharides has been investigated. 

4. With various aldo-sugars, differences in the reactivity, dependent upon 
the constitution, were found; in the amino-acids studied, the «-amino-group 
alone seems to be the dominating factor. 

5. The reaction proceeds only within a pH range of about 4-5-11 and shows 
a pH optimum zone. 

6. In a strongly alkaline medium (pH>10) a second reaction, which is 
clearly distinguished from the first, predominates. 

7. An explanation for the two different types of interaction is suggested. 
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PREVIOUS investigations have shown that when pure f-carotene is adsorbed 
repeatedly on alumina it changes into a pigment having the same absorption 
spectrum as «-carotene but differing in other properties. After isolation the new 
pigment was named pseudo-x-carotene [Gillam & El Ridi, 1935; 1936]. 

Preliminary experiments with «-carotene have shown that this compound 
can also be changed by chromatographic adsorption into yet another pigment 
differing markedly, in the absorption spectra of its solutions, from the other 
known carotenes. This pigment, which we have provisionally called neocarotene 
[Gillam & El Ridi, 1936], exhibits absorption maxima at 501 and 471 my as 
compared with 508 and 477myp for the parent «-carotene (solvent, carbon 
disulphide). The solution, as judged by its absorption spectrum, is quite stable 
if kept from contact with oxygen; on crystallization however, it has been found 
that the crystals which separate are quite different in spectral absorption from 
the mother liquor, having in fact undergone change into a compound having 
absorption maxima identical with those of «-carotene. Subsequent experiments 
have shown that the pigment formed is neither «-carotene nor pseudo-x-carotene 
but a new carotenoid for which the name neo-x-carotene is proposed. The present 
paper describes the preparation and properties of this compound, whilst the 
isolation and properties of neocarotene itself, when completed, will form the 
basis of a later communication. 


Preparation of neo-«-carotene 


300 mg. of ~-carotene (M.P. 179°; ex palm oil) were adsorbed on a 40 x 3 cm. 
column of alumina (Brockmann’s “‘special, for adsorption”, diluted 1 : 1 with 
ordinary alumina) and washed down the column with several litres of light 
petroleum (60—80° B.P.), plus a little pure benzene. 

The pigment was adsorbed in a single zone only, but after elution and re- 
adsorption a good separation into two zones was obtained. The pigment con- 
stituting the lower zone (neocarotene, absorption maxima in CS,, 501 and 
471m) was washed out of the column and put aside whilst that in the upper 
zone was eluted and readsorbed. As before the two zones appeared and the 


1 It is interesting to note that in contrast to the parallel conversion of 8-carotene into pseudo-«- 
carotene the conversion of «-carotene into neocarotene occurs as easily on magnesium oxide as 
it does on alumina [cf. Gillam & El Ridi, 1936]. 

( 1605 ) 
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pigment in the lower zone was again separated and added to the first. In a 
particular series of adsorptions carried out in this way 300 mg. of «-carotene 
yielded 90-100 mg. of neocarotene in solution (estimated colorimetrically), much 
of the original pigment being left, apparently unchanged. 

The solutions of the eluted pigment from the bulked lower zones were con- 
centrated and allowed to crystallize from the petroleum (with or without the 
addition of alcohol), three separate crops of crystals being collected. The changes 
in properties which occur during preparation and crystallization are shown in 


Table I. 
Table I. Preparation of neocarotene and neo-«-carotene 


a-carotene 
max. 477, 447mp 


adsorbed on alumina (from 
benzene-petroleum) 





neocarotene 
max. 470, 441mp 
Crystallization ; - — - 
t 
’ ’ Mother 
First crop Second crop Third crop liquor from 
(reeryst.) (recryst.) (recryst.) each crop 


Absorption maxima: 


Petroleum (60-80° B.P.) 
Carbon disulphide 


476, 447mp 
509, 476-5mp 


476, 446-5myp 
509, 476mp 


477, 447mp 
509, 477 mp 


470, 441 mp 
501, 469mp 





M.P. 170-172° 170-172° 171-172° — 
Rotation [a] oq + 220° + 225° —_— —_— 
Analyses: 
C% 89-5 89-33 — = 
H% 10-54 10-60 — _ 
Antimony trichloride test: 
Colour Blue Blue Blue — 
Absorption bands 590, 492mp 591, 492mp 590, 492 mp _— 
Pigment present —-- neo-x-carotene a neocarotene 








Properties of neo-x-carotene 


The pigment after recrystallization from any of the usual organic solvents is 
a red glistening solid similar in appearance to the other known carotenes but 
differing in properties as shown in Table II. 

The crude material as first obtained melted at 166°, but on recrystallization 
this rose to 170-172°. Attempts to raise the melting-point of this and other 
samples by crystallization from alcohol, light petroleum, hexane, benzene, ether 
and various mixtures of these solvents failed, and the best value must therefore 
be taken as 172° (uncorrected). Micro-analyses (for which we are indebted to 
Mr W. F. Boston of Manchester University) on recrystallized material, gave the 
following results: 


C% H% 
First crop 89-5 10-54 
Second crop 89-33 10-60 
Independent preparation 89-35 10-25 
Mean values 89-39 10-46 
CyoH5¢ requires 89-55 10-45 


In solution, the pigment exhibited absorption maxima identical in location 
with those of «-carotene. Three bands appeared to be present in all cases, but 
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the short wave band was not locatable with accuracy on a Hilger-Nutting visual 
spectrophotometer. The observed values were as follows: 


Carbon disulphide 509, 476-5myu Ethyl alcohol 476, 447myu 
Chloroform 486, 455 mp Ether 476-5, 446mp 
Benzene 487, 457mp Petroleum 476, 447mp 


The optical rotation was determined in filtered white light of wave-lengths 
near 6438 A. using a 10cm. tube and concentrations of the order of 0-1%. 
Values of [«],, in benzene for separate samples of the pigment were as follows: 

220, 225, 211, 225; Mean [«],,, (benzene) = + 220°. 


When subjected to chromatographic adsorption on alumina neo-x-carotene 
gives three zones of pigment having colours and absorption spectra as follows: 


Colour Absorption bands 

of zone (petroleum) Pigment ? 
Upper zone Pink 480, 451 mp B-carotene 
Middle zone Orange 477, 447mp neo-a-carotene 
Lower zone Yellow 471, 442mp neocarotene 


Hydrogenation of neo-x-carotene according to the micro-method of Jackson 
& Jones [1936] gave a value of 10-4 for the number of ethylene linkages. This, 
together with the facts that the parent «-carotene has 11 double bonds, and 
B-carotene on microhydrogenation often only gives values of 10 for its 11 ethylene 
linkages [cf. Smith, 1932], can be taken to indicate the presence of a total of 
11 double bonds. 

Biological tests for vitamin A activity (carried out at the National Institute 
for Research in Dairying). 

(1) neo-x-Carotene. The pigment was fed in coconut oil to a group of 8 rats 
(5 $3+3 99), previously depleted of vitamin A, at a nominal level of 3y per rat 
per day for 5 weeks. The colour of the solution was determined as 1670 Moore 
[1930] yellow units per mg. per ml. whereas the pure pigment, by comparison 
with «- and 8-carotenes, should be 2200 Moore y.v. per mg. per ml. The corrected 
level was therefore 2-27. This produced an average gain in weight of 14-4 g. 
(over 5 weeks), this and the subsequent gains being averages of sex averages. 
The pigment was also fed to a group of 433 and 329 at a nominal level of Loy 
and gave an average gain of 29 g. in 3 weeks. As the growth was so rapid this 
experiment was discontinued. f-Carotene was fed alongside, for comparison, 
to 7 rats (4229+3 33) at a level of 1-75y daily. The solution had a colour value 
of 2000 Moore y.U. per mg. per ml. making the actual level 1-6. The average 
gain in weight per rat over 5 weeks was 14-5 g., i.e. almost identical with the 
neo-a-carotene value at the same level. It therefore follows that 2-27 y of neo-«- 
carotene are equivalent to 1-6y of pure B-carotene, i.e. neo-x-carotene has about 
0-7 of the potency of B-carotene. 

In addition to the normal feeding tests two similar vitamin A-depleted rats 
were given a total of 4 mg. of the neo-x-carotene over 4 days and on the 5th day 
the rats were killed and the livers removed. It was found that an alcoholic 
extract of the liver unsaponifiable matter exhibited an absorption maximum at 
328 my, whilst a chloroform extract gave a blue colour with antimony trichloride. 
The liver of one rat contained 210y of vitamin A whilst that of the other con- 
tained 100 (basis Z}°/: 328mp=1600 for pure vitamin A). 

(2) Pseudo-x-carotene. This pigment was fed in coconut oil to a group of 
only 4 rats. They were given the carotene twice weekly for 5 weeks at the rate 
of 1-75y per rat daily. The solution of the pigment had a yellow value of 2200 
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Moore y.U. per mg. per ml., i.e. it can be taken as pure pigment. The average 
gain in weight of the rats was 9-5 g. over 3 weeks and 15-8 g. over 5 weeks com- 
pared with 6-5 and 10-0 g. respectively for pure B-carotene fed at the same 
level under strictly comparable conditions. Thus, although the number of rats 
used was small there is no doubt that pseudo-x-carotene is at least as potent as 
pure f-carotene. 

This finding is in agreement with a previous biological test on the pigment, 
carried out for us at the Glaxo Laboratories, through the kindly co-operation of 
Mr A. L. Bacharach [cef. Gillam & El Ridi, 1936]. 

An oil solution of pseudo-x-carotene was fed to two groups of rats at levels 
corresponding with daily doses of 2 and 4y per animal per day; a third group 
was given 2-51.U., as a dilution of the International Standard Preparation of 
Vitamin A, that is, 1-5 of pure B-carotene, per animal per day. The numbers 
of animals in the three groups were, respectively, 63g and 599, 333 and 499, 
3 3g and 499; the weighted means for the average weight increase of each group 
after 35 days were 44, 56 and 27 g. per animal, respectively. 

These tests were not sufficiently extensive to justify basing upon them any 
quantitative comparison of biological activities; they do, however, point clearly 
to the conclusion that the vitamin A potencies of pseudo-x-carotene and f- 
carotene are of the same order. 

(3) Neocarotene. This pigment has so far not been isolated in the solid state, 
for when allowed to crystallize it changes into neo-x-carotene (vide supra). As it 
was considered possible that it might have no vitamin A activity an attempt 
was made to test it biologically by transferring its solution in ether to coconut 
oil without allowing it to crystallize. In this way a solution having a yellow 
value of 2200 Moore y.v. per mg. per ml. was made up and fed to a group of 
4 rats, previously depleted of vitamin A reserves, at a level of 17-5y per rat per 
day. The rats grew, the average rates being 20-8 g. per rat in 3 weeks and 30:8 g. 
in 5 weeks. Similar rats fed with pure -carotene at only 1-75y per rat daily 
gave, under comparable conditions, weight increases of 6-5 and 10-0 g. re- 
spectively. 

It is thus only possible to say that neocarotene is definitely biologically 
active and further that 17-5y of neocarotene are considerably more effective 
than 1-75 y of pure B-carotene, but what is the precise relation existing between 
the activities of neocarotene and f-carotene cannot be decided from the present 
data. 

A single rat previously depleted of vitamin A was also fed a heavier dose of 
the neocarotene, i.e. a total of 3-1 mg. over 5 days. The rat was killed on the 
5th day and its liver examined. It was found that on saponification of the liver 
the extract exhibited the ultraviolet absorption at 328m characteristic of 
vitamin-A and that the whole liver contained vitamin A equal to 466 B.U. 
[Moore, 1930]. 

There is thus no doubt that neocarotene is vitamin A-active but there is the 
possibility that this activity is due to the neocarotene having been changed in 
the body of the rat into the vitamin A-active neo-x-carotene. This change has 
been shown to occur very easily under other conditions. 

The properties described above lead to the following conclusions. neo-x- 
Carotene has an ultimate composition corresponding to C,)H;, and contains 
11 ethylene linkages. The absorption spectrum of the pigment, together with its 
carotenoid nature and the fact that it supports growth in rats on an otherwise 
vitamin A-deficient diet, would suggest a structure containing a B-ionone ring 
and 9 ethylene linkages conjugated with it. The remaining double bond would 
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seem to be isolated as in the case of «-carotene, the structure of which has been 
shown to be as follows [Karrer e¢ al. 1933]: 


CH; CH, CH, CH, 

Zs \Z 

Cc © 
Be wae 
CH, C—CH=CH—C—CH—CH—CH—C—CH—CH—CH—CH—C—CH—CH—CH=-C—CH=—CH—CH CH, 
- s | | | | Al 
CH, C—CH, CH, CH, CH, CH, CH,-¢ CH, 
NZ XA 

Cc a-Carotene CH 


Jang 
We therefore have now three isomeric «-carotenes, i.e. natural «-carotene, 
pseudo-x-carotene, and neo-x-carotene. Their similarities and differences are 
summarized in Table IT. 


Table II. Comparison of the isomeric «-carotenes 


a-Carotene pseudo-«-Carotene neo-a-Carotene 
Prepared from Palm oil B-Carotene a-Carotene 
Formula CoH 56 CoH 5¢ CyoHs¢ 
Absorption maxima 477, 447mp 477, 447mp 477, 447mp 
M.P. 183-5° 166° 170-72° 
Rotation [«] cq +377° Nil +220 
Adsorption on alumina gives a-Carotene B-Carotene B-Carotene 
zones of pigment with absorp- + neocarotene + pseudo-x-carotene + neo-a-carotene 


tion spectra corresponding to + neocarotene 


The absorption spectrum, optical rotation and adsorption properties of neo- 
a-carotene (Table II), might be simulated by a mixture of B-carotene and 
pseudo-x-carotene but this possibility is not consistent with the observed mixed 
melting-point of these two pigments (156° compared with 172° for neo-x-carotene). 
Mixed melting-point data on various binary mixtures of the three isomeric 
a-carotenes are given below and this lends support to the other evidence of the 
reality of the differences between the three isomerides. 


Melting-point 


(uncorrected) 
«-Carotene 179° 
neo-«-Carotene 172° 
Mixture 161° 
a-Carotene 180° 
pseudo-x-Carotene 165° 
Mixture 156° 
neo-a-Carotene 172° 
pseudo-a«-Carotene 165° 
Mixture 153° 


The most obvious mechanism that can be suggested for the isomerization of 
both «- and f-carotenes on adsorption, is the displacement of the B-ionone 
double bond out of conjugation. In this way f-carotene would yield pseudo-«- 
carotene, having a f-ionone ring at one end of the molecule and an «-ionone 
ring at the other, as in «-carotene (cf. Formula I) whilst «-carotene would 
yield neocarotene, with an «-ionone residue at each end of the molecule. 
This hypothesis is supported by the change in the absorption spectrum and 
the decreased strength of adsorption on alumina after isomerization, both 
of which changes are perfectly consistent with a decrease of the conjugated 
system by one ethylene linkage. The simplest test of this hypothesis would 
seem to be the biological test for vitamin A potency, because pseudo-x-carotene 











1610 A. E. GILLAM, M. 8S. EL RIDI AND S. K. KON 


should be only half as active as B-carotene whilst neocarotene should be com- 
pletely inactive. In actual fact the results show that pseudo-x-carotene is as 
active as B-carotene whilst neocarotene is definitely active (possibly having as 
much activity as «-carotene). These facts appear to negative the suggested 
mechanism but it may well be that, as the new carotenes are so labile that they 
can be easily reconverted into their parent compounds by simple adsorption, 
they are also labile enough to be reconverted into the biologically active B- and 
a-carotenes, respectively, in the body of the rat. 

On the other hand it is possible that these isomerizations are only changes 
into different geometrical isomerides. There is some support for this hypothesis 
in the facts that like B-carotene and pseudo-x-carotene the cis- and trans-bixins 
differ slightly in the location of their absorption maxima and moreover are 
separable chromatographically [Kuhn & Winterstein, 1932; Winterstein, 1934]. 
The differences between the bixin isomerides are, however, much less than are 
observed with these new carotene isomerides. 

Whatever be the mechanism of the isomerization under discussion it is still 
difficult to see why, when neocarotene crystallizes and is changed in the process, 
it gives neo-x-carotene and not «-carotene. 


SUMMARY 


Following up previous work in which it was shown that f-carotene on 
repeated chromatographic adsorption on alumina changes into a new pigment, 
pseudo-x-carotene, the effect of repeated adsorption of ¢-carotene has been studied. 

It has been found that this pigment also changes into another compound, 
neocarotene, with absorption maxima at 501 and 470my in CS, as compared 
with 508 and 477 my for the original «-carotene. 

When attempts were made to obtain the neocarotene solid it was found that 
the crystals on being redissolved showed the absorption spectrum of the original 
a-carotene. An examination of the properties of the crystals has demonstrated 
that, although similar to those of «-carotene, they are in fact different, thus 
characterizing anew isomeride of «-carotene which has been named neo-«-carotene. 
This is similar to «-carotene in appearance, absorption spectrum and biological 
activity (vitamin A), but differs in melting-point and mixed melting-point, 
rotation and behaviour on adsorption. It is probably a geometrical isomeride 
of «-carotene. 

The results of biological tests for vitamin A-activity on neocarotene, neo-a- 
carotene and pseudo-«-carotene are recorded. 


Our best thanks are due to Prof. I. M. Heilbron for his interest and for many 
helpful facilities, to Dr K. M. Henry for help in the biological tests and to 
Mr A. L. Bacharach for an independent biological test on pseudo-x-carotene. We 
are also indebted to Messrs Lever Bros, Ltd. for a supply of palm-oil unsaponifi- 
able matter from which the original «-carotene was obtained. 
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CCII. DISTRIBUTION OF PHOSPHATASE 
ACTIVITY AND ANALYSIS OF GROWTH 
IN CANADA WONDER BEAN 


By VLADIMIR IGNATIEFF 
From the Department of Soils, University of Alberta, Edmonton, Canada 


(Received 9 June 1937) 


IN a previous publication reporting on the distribution of phosphatase in the 
plant of Canada Wonder bean Ignatieff & Wasteneys [1936] suggested that 
phosphatase may be concerned with catabolic as well as anabolic processes of 
carbohydrate metabolism of the plant. The growth of the plant depends to a 
very great extent on the carbohydrate metabolism because the chief constituents 
of the plant dry matter are products of this metabolism. Therefore a growth 
analysis was made on the same plants which were used for the study of the 
distribution of phosphatase. 
EXPERIMENTAL 


The method for the determination of phosphatase activity as well as its dis- 
tribution in the Canada Wonder bean grown in culture solution has already been 
reported in the above-mentioned paper, and therefore only the details of the 
growth analysis of the plants will be discussed here. For the growth analysis the 
formulae suggested by Briggs et al. [1920] were used. In calculating the results 
it was assumed that the increase in dry matter in leaf area was on the linear 
and not on the exponential basis. The linear basis has been adopted as the 
simpler one and as being sufficiently accurate for the purpose. According to 
Briggs et al. nothing is gained by the use of the more complicated formulae. 

Sampling was performed at approximately 1 week intervals and nine to ten 
plants were used at each sampling. Each plant was divided into leaves, stem and 
root. The weight of each of these parts was recorded separately for the individual 
plant. By this means it was possible to submit the results obtained for each 
plant to statistical analysis and ascertain the probable error of the mean. As 
seen from Table I the probable error of the mean is very small. 

The area of leaves was calculated from their blue prints. The leaves of nine 
to ten plants taken for sampling were then collected into three groups: the primary 
leaves, the older compound leaves and the newly formed compound leaves. 
These three types of leaves were separately ground into a paste which was 
spread on clock glasses and dried at room temperature in a rapid current of air. 
The stems and the roots were similarly treated. 

The dried material was then weighed and samples were taken for the deter- 
mination of phosphatase activity. The moisture content of the dried material 
was determined, and from these determinations it was possible to obtain the 
actual dry matter of the different parts of the plants. 

The area of the leaves in cm. and the fresh and the dry weight in g. of the 
different parts of a single plant are given in Table I, where are also presented 
the results of the growth analysis and the phosphatase activity of different parts 
of the plant. 
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In Fig. 1 are graphically presented the values for the relative growth rate, 
for the unit leaf rate and for the phosphatase activity of the older compound 
leaves. 

Unit leaf ™EP 
rate mg. 5-0 


Relative 2°10 
growth 
rate 


60 1-80 





20 30 40 50 60 70 80 
Days after planting 


Fig. 1. Phosphatase activity of the older compound leaves, the relative growth rate and unit 
leaf rate of the bean plant grown in water culture solution. Ordinates: 1, mg. inorganic P 
released from sodium £-glycerophosphate solution by phosphatase in 1 g. of dry matter per 
minute. 2, Unit leaf rate in mg. of dry matter per 1 sq. cm. of leaf area. 3, Relative 
growth rate expressed as percentage increase in dry weight. Abscissa: days after planting. 

Phosphatase activity. ---- Unit leaf rate. +++++ Relative growth rate. 





As the area of the older compound leaves is much greater than that of the other 
types of leaves during the greater part of the life cycle of the plant, the older 
compound leaves must exert a much greater influence on the metabolism of the 
plant than do the primary leaves or the newly forming compound leaves. For 
this reason the results for the phosphatase activity in older compound leaves 
were selected for the graph. Because the values for unit leaf rate indicate the 
efficiency of the leaves to form dry matter and the values for the relative growth 
rate give a direct indication of the rate of increase in dry matter of the plant, 
they have been included in the graph. 


Discussion 


From the results presented in Table I and Fig. 1 it is seen that the phos- 
phatase activity in the leaves, after reaching an optimum 35 days after planting, 
gradually declines. This decline in activity may be due to two causes. The 
metabolism of the leaf cells may become less active with increase in age of the 
plant, or it may be that the decline of phosphatase activity in the leaves is more 
apparent than real and is due to the incorporation of dead fibre amongst the 
leaf cells. The phosphatase activity was determined on the basis of 1 g. of dry 
matter. If there is a gradual increase of inert material in plant tissue, there will 
be a corresponding decrease of living cell matter per unit of dry matter. That 
the decrease of phosphatase activity is probably due to the decline in the 
metabolic rate of the living plant cells is shown by the trend in the enzymic 
activity of the newly forming compound leaves. In these leaves the enzymic 
activity is a little higher than in the older compound leaves, but with the increase 
in age of the plant the phosphatase is not as active in newly forming leaves as it 
was when the plant was young. 
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In newly forming leaves the amount of inert fibrous material is negligible, 
and therefore it is reasonable to suppose that there is actually less phosphatase 
activity in the cells of the leaf. 

From the curves in Fig. 1 it will be noticed that the values for the unit leaf 
rate and the relative growth rate follow the same trend as those for the phos- 
phatase activity in the older compound leaves. The maximum for these values 
is reached at the same time as the phosphatase shows its maximum activity in 
the leaves, and these maximum values are followed by a rapid decrease in phos- 
phatase activity and in the production of dry matter. 

As the plant ages the enzymic activity decreases, but the decrease is not as 
rapid as it was when the plant was 5 or 6 weeks old. The same can be said for the 
values of unit leaf rate and relative growth rate, although the curves for these 
values are not as regular as the curve for phosphatase activity. 

The similarity of the curves for the unit leaf rate, for the relative growth 
rate, and for the distribution of phosphatase activity in the older compound 
leaves, suggests an interrelation between growth of the plant and phosphatase 
activity in the leaves. It has already been stated that the chief constituents of 
the plant dry matter are products of carbohydrate metabolism, and therefore 
the growth of the plant must be directly proportional to that metabolism. The 
apparent interrelation of phosphatase activity in the leaves and growth of the 
plant can be taken as further evidence that this enzyme is concerned with 
carbohydrate metabolism. 

The growth analysis, in addition to lending support to this hypothesis, is of 
further value. In a study of the distribution of an enzyme, which entails the 
whole life cycle of the plant, it is difficult to adopt some method for the corre- 
lation of the enzyme’s activity with definite stages of development of the plant. 
One method which is frequently used is to correlate the metabolic activity of the 
plant with intervals of time during which growth takes place. However, this 
method is not very accurate because it is well known that during any given 
period of time, under varying conditions, the growth and the development of the 
plant vary considerably. 

By the use of the methods advocated by Briggs e¢ al. a direct correlation 
can be made between the distribution of phosphatase activity and the growth 
of the plant. 

SUMMARY 

1. Studies of the distribution of phosphatase activity and analysis of growth 
in Canada Wonder bean grown in culture solution throughout its life cycle were 
made. 

2. The unit leaf rate and relative growth rate show a very close correlation 
with the phosphatase activity of the leaves. 

3. The close correlation between the increase of dry matter in the plant and 
the phosphatase activity of the leaves has been suggested as further evidence 
that phosphatase plays a role in carbohydrate metabolism. 


The author wishes to express his gratitude to his friend Dr L. B. Pett of the 
Biochemistry Department, University of Alberta, for his advice and assistance 


with the statistical analysis. 
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CCIII. AN EFFECT OF CHOLINE ON THE 
VITAMIN B,-SPARING ACTION OF FATS 


By EARL WILLARD McHENRY 
From the School of Hygiene, University of Toronto 


(Received 2 July 1937) 


Evans AND LEPKOvsKY [1928; 1932] demonstrated that dietary fats exercise a 
sparing action on the requirements for vitamin B,. This was found to be the case 
not only with respect to growth but in preventing the development of poly- 
neuritis. These observations have been confirmed so far as growth is concerned 
by Guerrant & Dutcher [1934]. Several laboratories have failed to confirm the 
results and among the negative opinions those of Gregory & Drummond [1932] 
and of Sure & Buchanan [1935] may be particularly cited. The latter found that 
diets containing up to 50 % of fat failed to show a sparing action on the need for 
vitamin B,. Recently Salmon & Goodman [1937] have confirmed the results of 
Evans & Lepkovsky not only with regard to growth but also in the delay and 
alleviation of polyneuritis. They found that the sparing action of fats was 
dependent upon the length of the carbon chain of the fatty acid. 

Evans & Lepkovsky and all those who have been mentioned, used brewer’s 
yeast as a source of vitamin B,. This material contains large quantities of 
choline, which has been shown by Best and his associates [1935; 1936] to be 
an essential factor in fat metabolism, and which also has, with vitamin B,, a 
complementary effect in increasing the weights of young rats [McHenry, 1935]. 
It seemed desirable to study a possible interrelationship between vitamin B,, 
choline and fat in influencing weight changes and to determine whether dietary 
choline was a factor in the vitamin B,-sparing action of fats. 


Methods 


Young male albino rats of the Wistar strain, reared in the Connaught 
Laboratories’ colony, have been used. The initial weights of all rats were 
approximately 70 g. The animals were studied in groups of ten, and fifteen such 
groups have been employed. They were kept in individual wire-mesh cages. 
Food was provided ad lib. in aluminium dishes and daily records of food con- 
sumption were kept. Weights were measured on alternate days. The animals 
were maintained on experimental diets for 4 weeks. 

In the diets there was a constant proportion (15 %) of protein. This is probably 
too low to secure good growth but was kept so because of the belief that protein, 
or at least casein, may exercise a lipotropic effect. Casein (British Drug Houses, 
vitamin-free) was the main source of protein, and dried egg white was used as a 
source of protein and to supply vitamin B,. Varying proportions of cane sugar 
(78, 68, 52, 36, 20%) furnished carbohydrate and inversely varying proportions 
of Crisco (0, 10, 26, 42, 58%) supplied fat. A salt mixture and agar were 
included. Vitamins A and D were given in the form of a cod liver oil concentrate 
which was dissolved in ether and mixed with the diet. The mixture was subse- 
quently air-dried to remove ether. When choline was given, required quantities 
of a solution of choline chloride were mixed into each day’s rations. A concentrate 
of vitamin B,, practically free of choline, and kindly furnished without charge 
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by Merck Inc., was employed in the series in which the vitamin was fed. The 
basal diet is not claimed to be complete but was especially chosen to contain as 
little choline as possible. The composition of the diets used was as follows: 


0. 
Oo 


Casein 10 


Egg white (dried and powdered) 5 
Salts (McCollum’s 185) 5 
Agar 2 
Cane sugar 78, 68, 52, 36 or 20 
Crisco 0, 10, 26, 42 or 58 


Results 
Three series of five groups each were used and each group contained 10 rats. 
The first series was given only the basal diet without vitamin B, or choline. In 
the second, choline was supplied and the amount of choline varied with the 
amount of fat in the diet. The following quantities of choline were fed: 


Amount of 


Fat in diet choline fed 
% mg./rat/day 

0 5 

10 5 

26 15 

42 20 

58 30 


In the third series each rat received 4 international units of vitamin B, per 


day. 








in g. 


S42 % fat 
3 % “58 % fat 
= ~26 % fat 
3 
< @ 10% fat 


No fat 


5 10 15 20 25 30 

Duration of experiment in days 

Fig. 1. Weight curves, series I. Rats given neither choline nor vitamin B, 

Figs. 1-3 record the changes in weight in each series. Each point is the 
average for a group of 10 rats. For convenience the total changes in weight for 
each group from the beginning to the end of experimental feeding have been 
calculated and are given in Table I. 
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Fig. 2. Weight curves, series II. Rats given choline, but not vitamin B,. 
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Fig. 3. Weight curves, series III. Rats given vitamin B,, but not choline. 
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Table I 


Average total changes in weight (g.) 





t ~ 4 
Series I Series IT Series IIT iy 
Fat in diet No vitamin B,, Choline, Vitamin B,, ~ OCT 
% no choline no vitamin B, no choline 3 
0 —18 Zag +22 ee, MARAT rey 
10 -1 +2 29 <p 
26 Ae +1 +29 . : 
42 0 +12 +16 SANSHS 
58 + 1 + 7 + 5 
Discussion 


In Series I animals without dietary fat were approximately at the initial 
weight at the end of the first week and thereafter the weights markedly declined. 
The weights of the other groups receiving different amounts of fat increased till 
the 10th day and then declined. After 4 weeks the weights of those groups 
receiving 26, 42 and 58% fat were approximately the same, were slightly above 
the initial weight and were appreciably greater than the weights of the groups 
receiving no fat or 10 % fat. In no case can it be said that there was good growth, 
but the supply of 26% or more fat in the diet did prevent a definite decline in 
weight below the initial level. In this sense the results of Evans and Lepkovsky 
may be said to have been confirmed. 

Series IT, in which choline was supplied, presents a somewhat different picture. 
Even in the group receiving no fat there was not the marked decline seen in 
Series I, and in all five groups there was fairly good growth during the first week. 
After 4 weeks the group receiving 42 % fat was above the other groups in weight 
and this would lead to the opinion that, under the conditions of the experiment 
with choline supplied, there was an optimum amount of fat. The diets used in 
this series more nearly resemble those used by Evans and Lepkovsky. In so far 
as improvement in weight is concerned an appreciable amount of fat is an 
advantage when vitamin B, is deficient, especially when choline is present in the 
diet. While fat-rich diets prevent the marked loss of weight of rats receiving a 
vitamin B,-deficient diet, the results are not as satisfactory as when the vitamin 
is supplied. 

Guerrant & Dutcher [1934] reported that satisfactory growth responses, when 
rats were receiving a restricted intake of vitamin B,, occurred when the fat con- 
tent of the diet ranged from 15 to 20%. In Series III rats receiving 10 and 26% 
fat had the same weight after 4 weeks and this was greater than the weights of 
groups receiving 0, 42 and 58%. In fact the weight of the last group was 
definitely low, but not less than the initial weight. It is quite apparent that there 
is an optimum range for dietary fat when vitamin B, is fed, and that this range is 
below the optimum found in the previous series. 

Examination of records of individual food consumption has shown that it is 
difficult to correlate these values with changes in weight, except that in Series I 
and II food intake declines after the first 2 weeks, when body stores of vitamin B, 
are presumably exhausted. To economize in space these individual records are 
not included in this communication but Table II shows the average total con- 
sumption for each group in the three series. 

Two points of interest may be deduced from Table II. In each series the food 
intake is lessened when the percentage of fat is increased in the diet, but not to 
a sufficient extent to make the food consumption isocaloric. For example, 
group 1 of Series II ate 173 g. with a caloric value of 700, while group 4 in the 
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Table II 
Average total food consumption (g.) 
eee ze > 
Series I Series IT Series III 
Fat in diet No vitamin B,, Choline, Vitamin B,, 
% no choline no vitamin B, no choline 
0 170 173 238 
10 177 168 237 
26 172 143 235 
42 159 136 196 
58 156 124 160 


same series ate 136 g., with a value of 830 calories. Between these two groups 
there was a difference in weight at the end of the experiment of 15 g. in favour of 
group 4. Within each series the same is true and this difference in energy intake 
may explain the difference in weights and the “‘vitamin-sparing effect of fat”’. 
In contrasting Series I and II, however, the differences in weight are not due to 
variations in food intake, either expressed as total weight or as total calories. 
Group 4 of Series I was 12 g. lighter than the similar group of Series II, yet the 
former consumed more food of the same caloric value. It seems likely that the 
increased weight in Series II was due to an alteration in the utilization of fat 
brought about by choline. 

The effect of choline which has been indicated above, may be explained by 
recalling that choline prevents excess deposition of fat in the liver when diets 
high in fat are fed [Best et al. 1936]. In all probability a picture different from 
that seen in Series III would be secured if choline and vitamin B, were both 
furnished. It has been previously shown that, at a level of 30% dietary fat, the 
weights of young rats are increased by giving both factors. Since it has also 
been shown [McHenry, 1937] that vitamin B, markedly increases liver fat when 
choline is deficient in the diet the almost negligible growth at high fat levels 
when the vitamin only is given may be due to the production of fatty livers and 
consequent interference with metabolism. This condition would have been 
prevented by a supply of choline. It should be pointed out that the presence of 
choline in the diet in experiments of this type is a factor which should not be 
overlooked. Salmon & Goodman [1937] found that an increase in the amount of 
autoclaved yeast augmented the weight effects of fat-rich diets and concluded 
that this was due to undestroyed traces of vitamin B,. Yeast is an excellent 
source of choline and the beneficial effects of larger amounts of yeast may be due 
to its choline content. 

SUMMARY 


1. The increase in weight of young rats is influenced by the amounts of 
vitamin B,, choline and fat in the diet and the effects of these three dietary 
factors are probably interrelated. 

2. When a diet deficient in vitamin B, is fed the inclusion of more than 26 % 
fat prevents a serious loss in weight. The effect of the fat is augmented by the 
addition of choline to the diet. Under the latter conditions, the optimum amount 
of dietary fat has been found to be about 40%. 

3. When vitamin B, is supplied and choline is deficient in the diet the 
amount of dietary fat optimum for weight increase ranges between 10 and 26%. 


Appreciation is expressed to Miss Lillian Barber for valuable technical 
assistance. Sincere thanks are extended to Dr J. G. FitzGerald and Dr C. H. Best 
for their helpful interest. 
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CCIV. THE ORGANIC PHOSPHATES 
OF URINE 


By JAMES JAMIESON RAE! 


From the Department of Medical Research, University of Toronto, 
Toronto, Canada 


(Received 17 July 1937) 


In view of the fact that phosphoric esters have been shown to play important 
roles in nerve, muscle and bone physiology it is surprising that so little accurate 
information is available concerning the organically bound phosphate of urine. 
While the absolute amounts have been determined, the nature of the organic 
phosphates in urine is still unknown. 

Many years ago Ronalds [1846] reported the excretion by the kidney of 
phosphorus compounds in an incompletely oxidized state. Sotnitschewsky 
[1880] investigated the organic phosphate fraction of urine and attempted to 
identify it. Although he isolated no pure compound he did obtain evidence for 
the presence of glycerophosphoric acid. Immediately following this work 
Zuelzer [1881] and Lepine ef al. [1882; 1884] made quantitative studies on the 
urinary excretion of organic phosphate in various diseases. Since then numerous 
workers have published somewhat conflicting data as to the quantities of organic 
phosphate occurring in normal and pathological urines. Mathison [1910] made 
a comparative study of the methods of removing inorganic phosphate and 
believed the magnesium citrate reagent to be the best precipitant. Later, 
Forbes & Keith [1914] published a comprehensive review of the literature 
dealing with the metabolism of phosphorus in animals. 

The estimation of urinary organic phosphate by determining the difference 
between the total and inorganic phosphate, as usually has been done in the past, 
is obviously an unsuitable procedure because of the comparatively small amount 
of phosphoric esters present. The experimental error involved in phosphate 
determinations, whether made gravimetrically or colorimetrically, is of sufficient 
magnitude seriously to affect the reliability of the calculation of organic phosphate 
by difference. This point was mentioned by Taylor & Miller [1914] but many 
investigators continued to use different methods. Youngburg & Pucher [1924] 
determined the organic phosphate after removal of the inorganic phosphate and 
report that in man 0-131 mg. of organic phosphate per kg. of body weight every 
24 hr. is the average excretion. 

The removal of inorganic phosphate by means of uranyl acetate [Pincus, 
1859] has several advantages (inorganic phosphate is precipitated rapidly, in 
the cold and at a mildly acid reaction, conditions favourable for avoiding 
hydrolysis of esters), but the precipitate is amorphous and adsorbs 60-80% 
of the organic phosphates. The classical basic ferric acetate method for removal 
of inorganic phosphate was considered but dismissed for two reasons: the esters 
might be hydrolysed during the necessary heating of the mixture, and the bulky, 
flocculent precipitate would probably adsorb large amounts of the esters. A 
study of the use of magnesia mixture, already recommended by Youngburg & 
Pucher [1924] for the removal of inorganic phosphate from urine, led to a 

1 James Page Rutherford Fellow. 
( 1622 ) 
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modification of this standard procedure which proved suitable for the study in 
hand. 

There are two obvious possible sources of serious error in such a method: 
(1) the phosphoric ester fraction may be hydrolysed by long standing with the 
strongly alkaline magnesia mixture which is usually added in considerable 
excess; (2) the precipitate may carry down some of the organic phosphate. 
The first source of error was minimized by adding to each urine sample (after 
preliminary analysis for inorganic phosphate) a slight, calculated excess of 
magnesia mixture (made without ammonium hydroxide), followed by just 
enough N NH,OH to bring the pH to 9-0. Precipitation of inorganic phosphate 
is complete in 10 min. While these conditions may not give a precipitate of 
constant composition suitable for gravimetric determinations, they do ensure 
removal of practically all inorganic phosphate and are therefore quite satis- 
factory for an investigation of this kind. The fear of hydrolysis was probably 
exaggerated in the preliminary stages of the investigation since subsequent work 
confirmed the report [Youngburg & Pucher, 1924] that there is no appreciable 
hydrolysis of the organic phosphates in urine during precipitation with magnesia 
mixture. 

Loss of phosphoric esters by adsorption on the crystalline magnesium 
ammonium phosphate precipitate was investigated by adding various organic 
phosphates to urine and determining the amounts which could be recovered. At 
the concentrations usually found in normal urines no appreciable loss was 
observed. Data of a typical experiment are shown in Table I. 


Table I. Loss of phosphoric acid esters during removal of inorganic phosphate 
by magnesia mixture 


mg. organic P added per 100 ml. of urine 





Organic P 
present in Sodium Disodium Organic P 
urine glycero- phenyl- Aminoethyl- found Recovery 
mg./100 ml. phosphate phosphate phosphate mg./100 ml. % 
0-84 0-95 — — 1-69 95 
0-84 —_ 0-95 — 1-66 93 
0-84 _— — 0-95 1-65 92 
The above figures are average recoveries found in four similar experiments. When double the 


above quantities of each ester were added to urine, the recoveries were again over 90%; with ten 
times the quantities added, the recoveries were 88-92%. Possibly these losses are due to slight 
hydrolysis rather than to adsorption on the magnesium ammonium phosphate precipitate. 


EXPERIMENTAL 
Details of the method 


(a) Removal of inorganic phosphate. The amount of inorganic phosphate in 
the urine is determined colorimetrically on a suitable aliquot by King’s [1932] 
method. To 10 ml. of the urine (in a 15 ml. volumetric flask) are added 20% 
excess of magnesia mixture (55g. hydrated MgCl, and 70 g. NH,Cl per I. pre- 
pared without added ammonia) and a volume of VN NH,OH equal to that of the 
magnesia mixture required. This should produce a pH between 8-8 and 9-0. The 
mixture is thoroughly shaken, kept 10 min., made to volume and filtered through 
a Whatman No. 32 paper. 

(b) Digestion. To a 3-0 ml. aliquot of the filtrate in a pyrex digestion tube 
1-2 ml. of HCO, (60%) are added and the mixture is heated to destroy organic 
matter. The process is accelerated by the addition of a drop or two of 30% 
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H,0, towards the end of the digestion. (For details see King [1932].) When the 
mixture becomes water-clear the solution is cooled and rinsed into a 15 ml. 
volumetric flask. 

(c) Estimation of organic phosphate. The organic compounds of phosphorus 
originally present in the urine filtrate will now be converted into inorganic 
phosphate which is determined, colorimetrically, in the usual way. An aliquot 
of the filtrate is analysed in the same way for inorganic phosphate in view of the 
possibility of its incomplete precipitation by the magnesia mixture. If any 
inorganic phosphate is found in the filtrate, it must be subtracted from the 
“total phosphate” value found after digestion. 

Four urines can be analysed in duplicate by this procedure in about 1} hr. 


RESULTS 


In Tables II and III are presented the results obtained on analysing a few 
normal and pathological urines by the method described above. The “normal” 
urines were obtained from supposedly healthy, young, male adults working 
in the laboratory. The 24 hr. volumes are in some cases suspiciously small, but 
it might be worth noting that these urines were collected during a period of 


Table II. Excretion of organic phosphate in normal human urine per 24 hr. 


Subject Volume Inorganic P Organic P Organic P 

no. ml. Sp. gr. mg. mg. % of total P 
] 650 1-028 664 7-2 1-1 
2 858 1-022 883 7-0 0-8 
3 440 1-032 344 6-5 1-9 
t 1100 1-027 1100 10-9 1-0 
5 800 1-626 785 6-4 0-8 
6 590 1-035 565 8-6 1-5 
7 850 1-027 815 10-7 1-3 
8 490 1-033 728 7-6 1-1 
9 1862 1-027 1660 19-4 1-2 
10 800 1-029 935 11-6 1-2 
Average values 848 9-6 1-2 


Table III. Excretion of organic phosphate in urines from pathological 
subjects per 24 hr. 


Inorganic Organic Organic P 


Subject no. Volume Y r % of 
and sex ml. Sp. gr. mg. mg. total P Pathology 
1 M. 1130 1-020 460 4:3 0-7 Diabetes 
2 M. 530 1-033 440 9-6 2-2 Diabetes 
3 M. 700 1-030 742 8-8 1-2 Diabetes 
4 M. 373 1-015 179 5-1 2-8 Diabetes 
5 F. 320 1-022 297 8-5 2-9 Myxodema, diabetes 
6 F. 1200 1-010 441 12-7 2-9 Diabetes 
7 M. 1010 1-014 510 11-1 2-2 Pancreatitis 
8 M. 1674 1-018 775 12-2 1-6 Catarrhal jaundice 
9 M. 680 1-019 441 6-3 1-4 Diabetes 
10 M. 1220 1-020 1220 10-0 0-8 Obstructive jaundice 
ll F. 2900 1-011 1342 13-8 0-9 Hyperthyroid 
12 M. 692 1-022 554 5:8 1-0 Hyperthyroid 
13 M.* 750 1-016 367 4-4 1-2 Malnutrition 
14 ¥ 320 1-008 192 1-8 0-9 Malnutrition 
15 M. 275 1-025 393 13-7 3-4 Cirrhosis of liver 
16 M. 515 1-029 515 10-6 2-0 Lymphatic leukemia 
17 M. 2020 1-020 1334 21-2 1-5 Lymphatic leukemia 


* 22 hr. specimens on children. 
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extremely hot weather (105° F.) which was experienced in Ontario during July 
1936. The data in Table II require very little comment. The average value 
(9-6 mg. organic phosphate, as P, per 24 hr.) is slightly higher than that found 
by Youngburg & Pucher, but is considerably lower than some of the values found 
in the earlier literature. 

In the pathological group (Table III) the values are less regular but the 
variations are not sufficiently marked to justify drawing any conclusions as to 
the clinical significance (if any) of the figures until a larger number of patients 
have been examined. 

In order to determine to what extent the urinary excretion of organic 
phosphates depends upon the nature of the food consumed, four normal subjects 
were given a diet rich in organic phosphorus: each person ate 11 fresh eggs and 
drank 1 quart of milk and } pint of cream, except no. 4, who consumed 8 eggs 
and 1 pint of cream. The data in Table IV show a definite effect of the diet on 
the excretion of organic phosphates. 


Table IV. Effect of diet on urinary excretion of organic phosphate 


mg. organic P in urine per 24 hr. 





~ 


Normal mixed Diet rich in % increase over 
Subject no. diet organic P normal 
1 7-2 12-6 75 
2 7-0 12-7 81 
3 19-4 27-0 39 
4 7-45 14-83 99 


Since the data presented in Table IV were based on a 24 hr. experiment, it 
was considered advisable to continue this diet for a longer period. Subject 4 con- 
sumed 8 eggs and 1 pint of cream, in addition to his ordinary diet, for 7 days. 
In Table V are presented the results of this experiment. 


Table V. Effect of continued feeding of a diet rich in organic phosphate 


mg. organic P in urine % increase 
Day per 24 hr. over normal 
Control day 7-45 —_— 
normal diet) 
1 14-83 99 
2 13-28 78 
3 15-16 103 
4 13-99 88 
5 14-40 93 
6 15-54 109 
7 11-50 54 


These results definitely indicate that diet does affect the excretion of organic 
phosphates. While these results are what one might expect they are not in 
accord with the findings of earlier workers, who believed that diet had no 
appreciable influence on the excretion of organic phosphate [Keller, 1900; 
Mandel & Oertel, 1902; Plimmer e¢ al. 1909]. 


SUMMARY 


A method for the estimation of organic phosphate in urine is described. The 
improvements over the older methods are: (1) it is more rapid; (2) the precipita- 
tion of the inorganic phosphate takes place in a less alkaline medium; (3) an 
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improved method for the colorimetric determination of phosphate is used; (4) an 
inorganic phosphate determination on the filtrate is made to ensure that complete 


precipitation has been effected. 
Results obtained, using this method, on normal and pathological human 


urines are presented. 
A diet rich in organic phosphate definitely raises the excretion of organic 


phosphate in the urine. 
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In a previous paper from this laboratory [Peters, 1936], the earlier work on the 
action of vitamin B, on the pigeon’s brain was reviewed and correlated. There it 
was pointed out that the theory which accounts for most of the known facts is 
that the vitamin is an essential factor in the system responsible for the oxidation 
of pyruvate. This paper describes the results of an investigation into the oxida- 
tion of pyruvate by the brain of the normal and the avitaminous pigeon. 

Comparatively little work has been done on the metabolism of pyruvic acid. 
Toenniessen & Brinkmann [1930] perfused mammalian muscle with pyruvate, and 
on the results of this and of earlier work on muscle brei by Fischer [1927] and 
Hahn & Haarmann [1928; 1929] they produced a scheme of oxidation whereby 
two molecules of pyruvic acid were reduced to form one of succinic acid, and the 
latter was converted successively into fumaric, malic, oxaloacetic and one 
molecule of pyruvic acid. 

Elliot & Schroeder [1934], working on slices of rabbit kidney cortex, were 
able to confirm this scheme in some respects, in that they found that an addition 
of succinate, fumarate, malate and especially oxaloacetate produced an increase 
in bisulphite-binding substance, which was assumed to be pyruvate. They were 
able to find no evidence that decarboxylation of pyruvate to form acetaldehyde 
occurs either aerobically or anaerobically. 

Barron & Miller [1932] deduced from measurement of the oxygen uptake that 
gonococci oxidized pyruvate to form acetic acid and carbon dioxide. Meyer 
[1933] found that pyruvate was oxidized in alkaline solutions by haemin and 
certain light-sensitive dyes with the production of oxalic acid in amounts 
sufficient to account for 70% of the total oxygen uptake. 

Krebs [1936; Krebs & Johnson, 1937] has brought forward another scheme. 
He suggests that the oxidation of pyruvate is preceded by an anaerobic change 
whereby two molecules of pyruvate interact to form one molecule of lactic acid, 
acetic acid and carbon dioxide respectively. 


2CH,.CO.COOH+H,0 -- CH,.CHOH.COOH +CH,.COOH +C0,. 


These schemes will be discussed later in connexion with the results of the 
experiments to be described here. The paper falls into two main parts, recording 
the results of work on (A) the normal pigeon’s brain, and (B) the avitaminous 
pigeon’s brain. 

A. "THE NORMAL BRAIN 


The object of these experiments was to measure the ratio of oxygen 
uptake to pyruvate disappearance (i.e. the oxygen/pyruvate ratio) and the 
pyruvate R.Q. of normal brain and to compare these figures with those obtained 
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on the avitaminous brain. If the vitamin is acting only on pyruvate oxidation, 
one would expect to find that the presence or absence of the vitamin would not 
affect these values, but would only affect the total amount of pyruvate oxidation. 


Experimental method 


For the sake of accuracy all the experiments recorded in this paper were 
performed on brain tissue which had been washed with Ringer phosphate. The 
result of this washing is to lower the residual respiration of the tissue without 
much affecting its ability to take up oxygen in the presence of pyruvate. Table I 
shows how washing progressively reduces the level of the residual respiration: 
after two washings there is a large drop in the residual respiration and some 
drop also in the net pyruvate oxidation: after four washings the residual is still 
lower, but the pyruvate oxidation has not dropped appreciably further. It is 
found impossible to reduce the residual much further without grinding up the 
brain, and this process affects the pyruvate oxidation far more than it does the 
residual. It is doubtful how far the initial drop in pyruvate oxidation, which 


Table I. Normal brain, progressively washed with Ringer phosphate pH 7-3 
Oxygen uptake in l./g./hr. 


Period (hr. and min.) ... 0-30 30-1 1.0-1.50 1.50-2.30 2.30-3.0 3.04.5 4.5-5.0 
Unwashed brain 
Tissue pyr. 2940 2290 1925 1670 1470 1265 940 
Tissue alone 1395 920 575 370 250 165 55 
Net pyr. oxidation 1545 1370 1350 1300 1220 1100 885 
Brain washed twice 
Tissue pyr. 1740 1360 1125 950 820 —_ 75 
Tissue alone 595 390 225 150 115 65 20 
Net pyr. oxidation 1145 970 900 800 705 _ 455 
Period (hr. and min.) ... 0-30 30-1.15 1.15-2.0 2.0-2.45 2.45-3.45 3.45-4.32 
Brain washed 4 times 
Tissye pyr 1520 1190 850 730 610 450 
Tissue alone 370 210 100 85 45 15 
Net pyr. oxidation 1150 980 750 645 565 435 


pyr. =pyruvie acid. 


often occurs after the first washings and not after subsequent ones, is a real one. 
For, after washing, the tissue always appears more watery than when freshly 
minced, and the apparent drop in oxygen uptake per g. of tissue is usually 
associated with an increase in the water content of the brain, which may reach 
87%. 
Accordingly in these experiments the brain was prepared in the following 
way. The pigeon was killed by decapitation and the brain dissected out. The 
membranes and the cerebellum were removed, and the rest of the brain was 
minced with a bone spatula on an ice-cold plate. The mince was then washed in a 
tube with 5 ml. of ice-cold Ringer-phosphate and centrifuged; this washing was 
performed four times in all (five times when two brains were being prepared 
together) and finally the tissue was well mixed and transferred to the experi- 
mental bottles. The whole process of preparatjon usually took about 1 hr. 

The pyruvic acid used had been redistilled twice and crystallized. Periodically 
a small volume of stock solution was made up to contain about 450 mg. per ml. 
and was kept in a refrigerator. When required a small portion of this solution, 
usually 0-2 ml., was taken, diluted with Ringer phosphate and carefully 
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neutralized with N NaOH. The purity of the solution was tested by comparing 
the titratable acidity with the bisulphite-binding power, and the two were always 
found to agree within 5%. As a rule 5 mg. of pyruvate were added to each 
respiration bottle, which contained 3 ml. of Ringer phosphate ; the concentration 
was therefore about 0-02 VM. 


(1) Estimation of the oxygen/pyruvate ratio. 


The ratio of the oxygen uptake to pyruvate disappearance has been investi- 
gated by Elliot & Schroeder [1934] in their work on the rabbit’s kidney cortex, 
and by Braunstein & Severin [1935] who worked on the pigeon’s erythrocytes. 
Both report that the increase in oxygen uptake on the addition of pyruvate is 
not large enough to account for the complete oxidation of all the pyruvate which 
is found to have disappeared. In each case the authors explain this result by 
assuming that the residual respiration is spared when pyruvate is added, and that 
pyruvate may disappear along some other path which does not involve complete 
oxidation. 

The experiments described in this paper were carried out as follows. Barcroft 
apparatus were used. The brain was minced, washed and measured into 
previously weighed bottles. The pyruvate solution was suitably diluted with 
Ringer-phosphate so that 2 ml. contained about 5 mg., and was measured accur- 
ately into the respiration bottles with a 2 ml. Ostwald pipette. For each 
experiment at least three apparatus were used: 

(1) containing pyruvate and tissue, stopped at the end of the equilibration 
period of 12 min. (i.e. just before the period of measured oxygen uptake) ; 

(2) containing pyruvate and tissue, not stopped until the end of the respira- 
tion period; 

(3) containing only tissue, not stopped until the end of the respiration 
period. 

The difference in the pyruvate contents of bottles 1 and 2 gives the amount 
of pyruvate disappearing during the respiration period. The difference in the 
oxygen uptake of apparatus 2 and 3 is the oxygen uptake associated with the 
pyruvate oxidation. In this way the oxygen/pyruvate ratio is calculated; it is 
expressed in terms of yl. of oxygen and mg. of pyruvate. In most experiments 
duplicate or triplicate estimations were made. 

Before being placed in the bath the apparatus were evacuated and filled with 
oxygen. The bath was kept at 38° and the apparatus were shaken at a rate of 
80 complete rev. per min. The average amount of tissue in each bottle was 
400 mg. (wet weight) and the respiration period was usually 4 hr.; these figures 
are much larger than has been customary in this laboratory; but it was necessary 
to ensure a substantial oxygen uptake and pyruvate disappearance so that the 
ratio could be calculated accurately. 

The estimation of the pyruvate in the Barcroft bottles was carried out in the 
following manner. Each bottle was treated with 0-9 ml. of 25% trichloroacetic 
acid to precipitate the tissue and destroy the enzymes, and the contents were 
filtered through a Whatman No. 44 filter-paper, smallest size. The bottle was 
washed out with 1 and 2 ml. of 5% trichloroacetic acid. Some control experi- 
ments had shown that pyruvate is adsorbed by filter-paper at an acid reaction: for 
this reason the finest Whatman papers were used and distilled water (3 successive 
ml.) was used to wash the filter-paper in the earlier experiments when the estima- 
tion was by the bisulphite method and was not affected by the presence of 
traces of protein carried through by the distilled water. In the later experiments 
when the hypoiodite method was used, it was found that the presence of protein 
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interfered with the results and therefore the filter-paper was washed with 5% 
trichloroacetic acid instead ; the error thus caused was not large enough to affect 
the results significantly. The filtrate was neutralized with NaOH and made up 
to exactly 25 ml. In the earlier experiments four samples of 5 ml. were estimated 
by the bisulphite method. In the later experiments three samples of 5 ml. were 
estimated by the bisulphite method and three of 3ml. by the hypoiodite 
method. 

The bisulphite method was carried out in the manner described by Clift & 
Cook [1932]. The only modifications were in bringing the solution to a rather 
lower pH (i.e. pink rather than orange in colour to methyl orange) and in using 
phosphate buffer instead of bicarbonate as recommended by Elliot e¢ al. [1935]. 

The hypoiodite method was based on the technique described by Lohmann 
& Meyerhof [1934]. To 3 ml. of the solution to be tested 1 ml. of N NaOH was 
added and 5 ml. of N/50 iodine were run in from an automatic pipette. The 
mixture was shaken and allowed to stand for at least } hr.; it was then acidified 
with 1-5 ml. of N HCl and the free uncombined iodine was titrated against 
N/100 thiosulphate. This figure was subtracted from the average of several blank 
titrations (i.e. iodine without pyruvate) and the difference, in terms of N/100 
thiosulphate, was multiplied by 0-146 to give the answer in terms of mg. of 


Table II. Oxygen/pyruvate ratio of normal brain 


Total pyruvate 
Duration Wt. of tissue Total O,uptake disappearing 


Exp. in hr. in mg. in pl. mg. O,/pyr. 
201 + 310 586 1-43 410 
324 675 1-59 430 
202 4 332 545 0-90 (605) 
333 503 0-85 (590) 
205 + 482 1125 2°35 480 
639 1550 3-18 490 
206 4 513 1025 2-28 450 
609 1030 2-20 465 
462 840 1-82 460 
207 4 261 680 1-48 455 
359 850 1-89 450 
496 1165 2-85 410 
531 1440 3°27 445 
208 4 331 785 1-56 505 
4 380 720 1-59 450 
53 624 1485 3-21 465 
213 4 438 1070 2-66* 400* 
581 1460 3-27 450 
3-03* 480* 
510 1200 2-83 424 
2-63* 455* 
344 825 2-08 400 
1-94* 430* 
215 + 402 620 1-42* 435 
1-42* 435* 
207 7 318 0-55 (580) 
0-65* 490* 
222 + 404 1000 2-07 480 
2-01* 495* 


Figures marked * estimated by the hypoiodite method. 
Plain figures estimated by the bisulphite method. 
Average of bisulphite results 450, o 27. 

Average of hypoiodite results 455, o 33. 
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pyruvate. This method was used so that any phosphopyruvic acid formed 
should be estimated (the bisulphite method does not apparently estimate phos- 
phopyruvate); the two methods give virtually the same results so that pre- 
sumably phosphopyruvate does not accumulate to any appreciable extent. 

The specificity for pyruvic acid of both the bisulphite and the hypoiodite 
methods in these preparations was checked by the hydrazone method, carried 
out by Prof. Peters. They were found to agree within 5%. 

Table II summarizes the results of these experiments and it will be seen that 
the value of the ratio lies in nearly every case between 400 and 500. In only two 
experiments, 202 and 215, is the result much wide of these limits and in these 
experiments alone the disappearance of pyruvate is less than 1mg. As the 
bisulphite method was hardly accurate for such small differences, these results 
have been omitted when calculating the average ratio for the bisulphite method. 
In the last three experiments duplicate estimations were carried out by the 
hypoiodite method; these results have been averaged separately. 

There are nineteen results based on the bisulphite method; they range from 
410 to 505, with an average of 450, ¢27. There are only seven results based on 
the hypoiodite method but they give an almost identical result; they range from 
400 to 495 with an average of 455, o 33. The variations are within the experi- 
mental error of the method. 

The significance of these results will be considered in the discussion. It is 
only necessary to point out here that for complete oxidation each molecule of 
pyruvate requires 5 atoms of oxygen 


CH,.CO.COOH +50 — 3CO,+2H,O 


and this gives an oxygen/pyruvate ratio of 635. It is therefore clear that under 
these conditions all the pyruvate which disappears is not being completely 
oxidized. 


(2) Determination of the pyruvate R.Q. 


Little work has been published on the R.Q. of pyruvate metabolism in normal 
tissues. Elliot & Schroeder measured it in their work on the kidney cortex 
[1934]; they present their results by giving the details of single experiments 
which they state are typical; according to these the addition of pyruvate to the 
rabbit’s kidney tissue raises the oxygen uptake from 13-1 to 15-75 molecular 
equivalents and the Rr.Q. from 0-74 to 1-07; in the rat the oxygen uptake is raised 
from 18-6 to 27-2 m.z. and the R.q. from 0-75 to 1-24. These results suggest 
strongly that the r.Q. for pyruvate oxidation itself is considerably above the 
theoretical value of 1-2. 

All the R.Q. estimations recorded here have been obtained by the method of 
Dixon & Keilin [1933]. The object was to determine the R.Q. for pyruvate only 
and this was done in two ways. (1) Two apparatus were used to determine the 
O, uptake and CO, output of brain tissue with and without pyruvate; the 
difference gives the true pyruvate R.Q. (2) One apparatus was used and the 
pyruvate was placed in a Keilin cup in one bottle while another cup containing 
only Ringer was placed in the other. When thermal equilibrium had been set 
up, the Keilin cups were shaken down into the medium containing the tissue, 
and the difference in respiration on the two sides, caused by the pyruvate, gave 
the true pyruvate R.Q. directly. 

In the use of this apparatus it is of course essential to have very nearly equal 
amounts of tissue in the two bottles of any one apparatus. This was found to 
103 
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present difficulties at first because washed minced brain is almost fluid in con- 
sistency. Finally good results were obtained with an extemporized micro- 
syringe composed of a narrow-bore glass tube and a glass rod which acted as a 
plunger and was suitably graduated ; duplicate amounts of tissue were obtained 
usually within 5%. 

The brain was prepared in exactly the same way as described in the deter- 
mination of the oxygen/pyruvate ratio. Oxygen was passed through the bottles 
for 10 min. while they were shaking in the bath during the preliminary equilibra- 
tion period, which lasted 15 min. The apparatus was shaken at a rate of 80 com- 
plete rev. per min. Usually 250 mg. of tissue were used in each bottle and the 
experiment run for 2-3 hr., so that the residual respiration was small compared 
with the total gaseous exchange. Care was taken to avoid any leakage of the 
apparatus and, unless constant readings were given for a period of at least 10 min. 
after adding acid or alkali, the experiment was discarded. The manometer fluid 
was paraffin. 

Eleven R.Q. experiments were carried out. Five of them are recorded in 
Table III; there are eleven values with an average of 1-30, 0 0-04. The remaining 
six experiments are not recorded because there was very poor agreement between 
the O, uptakes; the results however are almost identical with those of the other 
experiments; there were thirteen values with an average of 1-33, a 0-08. 

The R.Q. for the residual respiration, obtained in the course of determining 
the pyruvate R.Q., averaged 0-68, the mean of eleven values. The results were 
very scattered, varying from 0-32 to 1-07, and have not been recorded separately. 
Such variability was not unexpected, for the gaseous exchange was very small 
and the experimental error therefore large, and variations in the amount of 
washing may well affect the residual R.Q. considerably. Sinclair [1933] found 
that the R.Q. for the normal pigeon’s brain (unwashed) in Ringer phosphate + 
lactate was 0-87, o 0-05. It is unlikely in view of the present work that the R.Q. 
for lactate alone is less than 1-0, and therefore in his experiments the R.Q. of the 
residual non-lactate respiration must have been of the order of 0-7, which 
coincides with the result obtained here. 


Table IIT. R.Q. for pyruvate respiration (washed normal brain) 


O, uptake 


Duration in pl. per g. 
Exp. in min. of tissue R.Q. 
302 185 2500 1-42 
2250 1-27 
304 165 1620 1-25 
1670 1-28 
305 150 2730 1-25 
2560 1-28 
309 240 2700 1-27 
2620 1-34 
311 120 1550 1-26 
1530 1-34 
1640 1:31 
Average 1-30, o 0-04 
Discussion 


The figure found for the oxygen/pyruvate ratio, i.e. 450, makes it clear that 
under the conditions of these experiments all the pyruvate which disappears is 
not being completely oxidized. It should be noted that one explanation given 
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by Braunstein & Severin, and by Elliot & Schroeder, for similar results—i.e. 
that the addition of pyruvate spares the residual respiration of the tissues—is 
quite inadequate here. As a result of washing the tissue the residual oxygen 
uptake was very small; it was rarely more than a quarter of the net pyruvate 
oxygen uptake and was often only one-fifth or one-sixth as large. Hence even if 
the whole of the residual were included in the pyruvate respiration, the oxygen/ 
pyruvate ratio would still be less than the theoretical for complete oxidation. 

The results of the R.Q. determinations tend to confirm this view. The figure 
is found to be 1-30, significantly higher than the theoretical for complete oxida- 
tion, i.e. 1-20, just as the oxygen/pyruvate ratio is significantly lower. 

Some scheme must ultimately be found to account for these values. The most 
likely explanations are: (1) that the pyruvate is being incompletely oxidized 
and that some intermediary metabolite is accumulating; (2) that part of the 
pyruvate is being completely oxidized, while the rest is disappearing along some 
anaerobic route. The first hypothesis cannot be discussed in detail at this stage, 
because the path of pyruvate oxidation in the pigeon’s brain is not known. In a 
current paper [McGowan & Peters, 1937] evidence is produced against both the 
Toenniessen- Brinkmann scheme (via succinic acid) and the simple direct oxida- 
tion through acetic acid. With regard to the second hypothesis the scheme 
recently put forward by Krebs provides a possible route for anaerobic dis- 
appearance of pyruvate. A single experiment was carried out to test the 
applicability of this scheme to the pigeon’s brain, the lactate estimations being 
carried out by Mr J. R. P. O’Brien; this indicated that under anaerobic condi- 
tions pyruvate did disappear with the formation of about half as much lactate 
and with evolution of CO,. Now if it is assumed that under aerobic conditions 
two-thirds of the pyruvate which disappears is being completely oxidized whilst 
the remaining third is being converted anaerobically according to the Krebs 
scheme, the combined reactions give a theoretical oxygen/pyruvate ratio of 
450 and an R.Q. of 1-29, i.e. values very close to the figures actually found. How- 
ever, preliminary experiments indicate that, although lactate is actually pro- 
duced under aerobic conditions, the amount produced is about one-half that 
required by the hypothesis suggested above (about 1/13 of the pyruvate dis- 
appearing instead of 1/6). One can only say that lactate formation will provide 
a partial explanation of the low oxygen/pyruvate ratio observed. There is, 
however, no evidence as yet that the Krebs reaction is involved, though the high 
R.Q. value obtained makes such a reaction not improbable. Elliot & Schroeder 
[1934] also found an increase in the lactic acid fraction in their experiments on 
the oxidation of pyruvate by the kidney cortex. 


B. THE AVITAMINOUS BRAIN 


A further series of experiments was carried out to measure the oxygen 
pyruvate ratio in the avitaminous brain (in the absence of added vitamin B,). 
As in all previous experiments from this laboratory only those birds were used 
which showed the typical terminal nervous symptoms of vitamin B, avitaminosis 
and which would no longer respond to glucose treatment. The experiments were 
carried out in exactly the same way as those on the normal brain, but in addition 
the oxygen uptake of the avitaminous brain in the presence of added vitamin B, 
was measured, to ensure that the brain was capable of giving a true vitamin 
effect. 

The results of these experiments are set out in Table IV. There are eleven 
results based on the hypoiodite method of estimating pyruvate ; they range from 
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245 to 445, having a mean of 350, 050. There are nine results based on the 
bisulphite method ranging from 250 to 410 with a mean of 325, 070. (It must be 
remembered that both sets of estimations were on the same set of experiments.) 


Table IV. Oxygen/pyruvate ratio of avitaminous brain 


Total O, Pyr. dis- 
Duration mg. of uptake appearance 
Exp. hr. tissue pl. mg. O,/pyr- 
214 4 420 19 0-19* - 
0-10 
401 72 0-24* ~ 
0-14 —_— 
219 5 458 155 0-59* 265* 
0-49 315 
367 101 0-40* 250* 
0-49 205 
220 5 477 150 0-41* 365* 
0-46 325 
376 115 0-35* 330* 
0-28 410 
221 4 400 148 0-36* 410* 
538 252 0-64* 395* 
224 + 461 249 0-68* 365* 
0-78 320 
462 252 1-03* 245* 
1-11 225 
228 43 517 320 0-72* 445* 
0-78 410 
437 227 0-56* 405* 
0-58 390 
448 231 0-67* 345* 
0-69 335 


Figures marked * estimated by the hypoiodite method. 
Plain figures estimated by the bisulphite method. 
Average of hypoiodite results 350, 050. 

Average of bisulphite results 325. 070. 


These figures are not very satisfactory, for they show a large scatter. There 
is, however, a good reason why this result is so much inferior to that of the 
experiments on the normal brain. In the first place there was rarely more than 
one avitaminous brain available at any one time, and therefore the experiments 
had to be on a comparatively small scale. In the second place the oxygen uptake 
of the avitaminous brain in the presence of pyruvate is very much lower than 
that of the normal brain. Thus both of these factors tend to reduce the total 
oxygen uptake and the total pyruvate disappearance, and therefore the effect of 
any error in the method is multiplied. 


Discussion 


The oxygen/pyruvate ratio of the avitaminous brain is significantly lower 
than that of the normal. The probable error (i.e. P.E.=0-6745 +/ (o,7/n, + o9?/No) 
where n is the number of observations and o is the standard deviation) of the 
hypoiodite results of the normal and the avitaminous brains is 13-2, whilst the 
difference between the two means is 105, i.e. eight times as big as the P.£. 
Similarly the p.£. for the bisulphite results is only 16-4 whilst the difference 
between the means is 125 or 74 times as large. 
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It is not yet possible to say what this difference signifies. There are various 
possible explanations which may be mentioned. 

(1) There may be two different routes for pyruvate metabolism, each with a 
different oxygen/pyruvate ratio; in the absence of the vitamin one may be 
affected more than the other and the ratio thus altered. If there is some 
anaerobic disappearance of pyruvate which is unaffected by the presence or 
absence of the vitamin, then of the total pyruvate disappearing in the avita- 
minous brain a larger proportion would be disappearing anaerobically than in 
the normal and the ratio would be lowered. This possibility is supported by the 
finding of lactate formation in the normal brain. (In fact if it is assumed that 
there is the same lactate formation in the avitaminous as in the normal brain, 
i.e. about 0-55 mg./g. of tissue in 4hr., and correction is made for the pyruvate and 
oxygen involved, then both the ratios come close to 500, provided that the lactate 
is formed by simple reduction of pyruvate and the Krebs scheme is not involved.) 

(2) It may be that the avitaminous brain is in some way altered so that even 
when vitamin is added the ratio remains lower than the normal. A few experi- 
ments which have been carried out do not exclude this possibility. In some 
earlier work Peters & Thompson [1934] measured the ratio for the extra respira- 
tion when vitamin was added to avitaminous brain in the presence of pyruvate ; 
they found an average of 445 at pH 7-3, but the individual results were too 
variable to be decisively different from either of the two ratios recorded here. 

Both of these explanations are compatible with the theory that the vitamin 
is acting directly on the oxidation of pyruvate. It must, however, be mentioned 
that Sinclair [1933] measured the R.Q. of the extra respiration caused by the 
addition of vitamin to avitaminous brain (unwashed) in the presence of lactate, 
and obtained the figures of 1-6, ¢0-3 in Ringer phosphate, 1-4, o0-2 in Ringer 
bicarbonate saturated with CO,, 1-8, c0-4 in the same containing phosphate. If 
the vitamin is acting only on the oxidation of pyruvate, one would expect the 
R.Q. of the extra respiration to be that of pyruvate oxidation, which has been 
shown here to be 1-30, 0-04. These experiments will have to be repeated in the 
presence of pyruvate and on unwashed tissue, for Sinclair’s results as they stand 
are hardly compatible with the pyruvic oxidase theory of vitamin B, action. 

The conclusion seems to be this: the aerobic metabolism of pyruvate by the 
minced pigeon’s brain is not a simple process. Until it is properly understood it 
will be difficult to determine with certainty what part is played by vitamin B,. 
The results of the present work provide a quantitative basis for future work on 
this subject. 

SUMMARY 

1. Some experiments on the metabolism of pyruvate by the pigeon’s brain 
are described. 

2. The results of the determination of the R.g. and the oxygen/pyruvate 
ratio for the normal brain are given. They prove that all the pyruvate which 
disappears is not being completely oxidized. Some possible routes of pyruvate 
oxidation are discussed. 

3. The result of the determination of the oxygen/pyruvate ratio for the 
avitaminous brain is given. The bearing of this upon the present conception of 
the mode of action of vitamin B, is considered. 


I am deeply indebted to Prof. R. A. Peters for his continual advice, help and 
encouragement, and to Mr J. R. O’Brien and Dr R. B. Fisher for their help 
with the lactate estimations. I also wish to thank R. W. Wakelin, whose 
skilled assistance was of great service. 
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CCVI. PYRUVATE OXIDATION IN BRAIN 


III. NATURE, SPECIFICITY AND COURSE OF 
OXIDATION CATALYSED BY VITAMIN B, 


By GRAHAM KEMP McGOWAN anp RUDOLPH ALBERT PETERS 
From the Department of Biochemistry, Oxford 


(Received 24 July 1937) 


Our interest in the aerobic oxidation of pyruvic acid! induced by the action of 
vitamin B, with pigeon’s brain tissue, has led us to explore paths of oxidation; 
the object of this note is to reduce the number of possible intermediates between 
the acid and CO,+H,O. Attempts to attack the problem directly by use of an 
isolated enzyme system have failed; the observations of Barron [1936] upon 
the “‘pyruvate oxidase” of Gonococci show that this activity disappears more 
rapidly than that of the lactate oxidase (dehydrogenase) in cold store. In brain 
tissues, the system seems relatively stable in presence of substrates during respira- 
tion experiments; but several attempts by varied methods to reach an active, 
dry preparation were unsuccessful; there were tried inter alia acetone, alcohol 
and chloroform in the cold, extraction at various reactions, and precipitation 
by ammonium sulphate and KCl; activity could not be restored upon addition 
of indophenol oxidase, cytochrome or methylene blue. Washing in distilled 
water causes an enormous fall in oxidation rate with pyruvate, only slightly 
restored by addition of the extract. It was evident that we were dealing with 
an enzyme system closely bound to the cell structure; and the suggestion arose 
that vitamin B, formed some kind of prosthetic group which was non-diffusible ; 
this was consistent with the theory advanced in Part I [Peters, 1936], but 
especially probable when the observations of Westenbrink & Polak [1937] 
became available upon stability of the system in the presence and absence of 
vitamin B,. More recently Lohmann’s discovery [1937] that co-carboxylase is 
vitamin B, diphosphate has defined this point. From previous observations from 
this laboratory, the protein factor in the system must be unstable in absence of 
vitamin B,, and also very susceptible to tissue poisons. It is another version of 
the same facts that prolonged washing of avitaminous brain gives a tissue 
preparation showing much less “vitamin” effect than the unwashed brain. For 
the investigation of the total “‘oxidase” system, the only course at present seems 
to be the use of tissues washed in cold Ringer-phosphate. Since no dry pre- 
paration can be obtained, progress can only be made by indirect methods. 
In Part II, the evidence from studies of R.Q. and oxygen/pyruvate ratio 
indicated that approximately 4 atoms were used instead of 5, if we allow for 
pyruvate disappearing as lactate. The CO, formed was 10% in excess of the 
theoretical for complete combustion. This indicates a loss of one molecule of 
pyruvic acid out of five by some channel other than complete combustion ; either 
a part goes along an alternative path, or a coupled reaction involves a loss, or the 
oxidation of part is merely incomplete. The incompletely oxidized molecule 
gives one molecule of CO,, and presumably remains as some two-carbon com- 
pound of which there are several obvious possibilities. 


We can now inquire what is the path followed for the pyruvic acid burnt 
completely. 
1 Some of the experiments were mentioned in Nature, Lond. (1936), 138, 552. 
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Table I 
A. Pyruvate +7 (O) 
—_-- Oxidation products 

vitamin B, Ne 
CO, and H,O 
B. Pyruvate +X 

——-> Intermediate product +O 
vitamin B, 


C. Pyruvate 


vitamin B, 


Table II. Effect of acetate upon the catatorulin effect 


15min. 15min. 30min. 30min. 30 min. Differences due to V 

1259 ig 1580 1302 920 720 500 245, 258, 580, 560, 675 
PV 5y 1825 1560 1500 1280 1175 

P Na acet. 1460 1100 932 750 610 380, 520, 548, 540, 590 


(30 mg.) 
P Na acet. V 1840 1620 1480 1290 1200 


P=pyruvate. Na acet. 10 mg./ml. 0-074. 


Some of the possibilities for the oxidation of pyruvate and the action of 
vitamin B, are summarized in Table I, Schemes A, B, C. In addition the action 
of vitamin B, might not be confined to pyruvate, but might be general for 
a-keto-acids. 

Anaerobic possibilities. Schemes B and C are primarily anaerobic. B is 
essentially Krebs’s scheme, where X is pyruvic acid or some other «-keto acid 
such as «-ketoglutaric acid. He himself has abandoned the idea that vitamin B, 
catalyses the reaction pyruvic acid — lactic acid + acetic acid + CO,, nor could we 
obtain evidence that it increased the anaerobic disappearance of pyruvic acid in 
our system. It is true that in Part IT [McGowan, 1937] it was found that some 
of the pyruvic acid disappearing is converted into lactic acid; but this is only a 
small fraction. That acetic acid is an essential stage is made unlikely from the 
observation that even high concentrations of acetic acid have no influence upon 
the catatorulin effect.1 One experiment out of three is quoted in Table II. If 
vitamin B, was acting as the diphosphate (co-carboxylase) [Lohmann, 1937], 
then Scheme C would include the suggestion arising from Lohmann’s discovery 
that the preliminary stage in oxidation is conversion of pyruvic acid into acet- 
aldehyde. It is proposed to deal with this interesting possibility later, but it 
must be emphasized that our experiments so far have only shown increased dis- 
appearance of pyruvic acid due to vitamin when oxygen has been present.” 

Aerobic oxidation. Considering the schemes A and B we can ask two questions: 
(1) whether pyruvate can be replaced by other keto-acids, and (2) whether the 
course of oxidation follows the Toenniessen-Brinkmann scheme, or some modifi- 
cation of it, ie. via succinic acid and possibly «-ketoglutaric acid. Light can 
be thrown upon these questions by observing whether keto-acids other than 
pyruvic acid show a vitamin effect and whether there is any change in the 
vitamin effect with pyruvate in the presence and absence of other substrates. 
The following substances of general interest were chosen, «-ketoglutaric acid, 
a-ketoadipic acid, acetoacetic acid and succinic acid. Table III gives some typical 
experiments. 

With «-ketoglutaric acid, Table III (a), there is an increased oxygen uptake 
with normal pigeon’s brain. Using 20 mg. in absence of pyruvic acid there is no 


1 Extra O, uptake induced by vitamin B,. 2 Except in rat cerebrum. 








Table III. Pigeon’s brain; oxygen uptake with «-keto-acids 


In all experiments the concentration of pyruvate used was 0-020 M. 
In each group of experiments, the concentration of vitamin was the same, but the amount 
added is only given with the first experiment in which it is used. 


Exp. 
no. 
1079 


1077 


1081 


1085 


1082 


Exp. 
no. 
1094 


1097 


1101 


Exp. 
no. 
1104 


1105 


1106 


(a) «-Ketoglutaric acid («-COGI) (5 experiments quoted out of 10). O, uptake yl./g. 


Condition 
Normal 


Normal 


Avit. 


Avit. 


Avit. 


(b) «-K 


Condition 
Normal 


Avit. 


Avit. 


Condition 
Avit. 


Concen- a 
Addition tration O-}+ }+3 }1 1-14 142hr. differences 
Nil — 1510 1065 900 27 440 — 
a-COGI 0:045M 1925 1415 1155 887 705 _ 
a-COGI 0-109M 1920 1580 1231 924 652 — 
Pyr. — 3545 3125 2695 2290 1805 — 
Pyr.+«-COG] (0:045M) 3210 2955 2710 2200 1702 — 
Nil -- 1410 1145 865 604 468 — 
a-COGI 00048 M 1710 1360 1130 831 686 = 
«-COGI 00097 M 1740 1401 1060 845 715 = 
a-COGI 0-029 M 1845 1410 1160 963 772 — 
a-COGI 0-:048M 2000 1492 1242 1002 800 — 
Nil — (1620) (1235) (928) (731) 497 =_ 
V (3-5 y) sate 1607 1345 1000 771 571 = 
a-COGIL 0-045 M 1945 1715 1226 971 805 — 
a-COG1+V 0-:045M 1700 1605 1157 970 (902) _ 
Nil — 1780 1435 1053 780 580 = 
V (3-5y) —_— 1790 1448 1140 880 580 = 
a-COGI 0-045 M 2160 1715 1315 1070 700 = 
Same +V (2153) (1730) 1450 1266 935 aa 
Pyr. —_ 1970 1623 1192 870 540 873,1020,990 
Pyr. V — 2560 2270 2065 1890 1530 — Z. 
a-COGI Pyr. 0-:045M 2365 1890 1525 1090 875 795,975, 905 
a-COGI Pyr.V 0-:045M 2750 (2605) 2320 2065 1780 
etoadipic acid (3 experiments quoted out of 7) (x-ketoadipic 0-052 /) 
V 
Addition 0--} 1} 3-1 1-1} 132 22} differences 
Nil 1492 1129 890 620 468 332 
«-CO-adip 1435 1025 865 627 459 357 ar 
Pyr. 3230 «2815 2395 2030 1675 1430 — 
Pyr. +«-CO 3080 2746 2330 1950 1465 1355 — 
adip. 
Nil 1430 990 795 600 — _— = 
V. 3y 1595 1240 973 697 — = — 
a-CO-adip. 1234 960 687 560 — — — 
Same +V 1375 1087 842 678 “= — 
Pyr. 2600 2080 1630 1302 894 — 725, 810, 788, 
Pyr. V 3110 82805 2440 2090 1670 — 771 
Pyr. + «-CO- 2440 2030 1635 1240 834 — 415, 455, 610, 
adip. 626 
Pyr. +«-CO- 2850 2450 2190 1855 1460 — 
adip. + V 
(c) Aceto-acetic acid (3 out of 6 experiments quoted) 
Concen- 
Addition tration O-} }$4 }1 113 132 V differences 
Nil 1370 1130 866 620 — 390 
3y V — 1805 1440 1245 1010 — 
Ac.ac. acid (0-042M) 1590 1130 1037 756 — 344 
— 1760 1550 1350 1100 — 
Pyr+Ac. ac. (0-042M) 1730 1240 1055 732 645 410, 430, 490, 593, 
Same + V — 2140 1670 1545 1325 1213 568 
Pyr. 1410 1085 807 585 400 549 
Pyr. V — 1770 1580 14380 1084 949 
Pyr.+Ac.ac. (0-035.M) (1635) (1325) (1055) 682 556 528 
Same + V _: 1500 1710 1500 1120 1084 
Pyr. — 1917 1490 1110 840 — 
Same + V — 2315 2195 1870 1552 — 
Pyr.+Ac. ac. 0-075.M (1810) (1430) (1210) 880 — 
Same +V — 2215 1975 1795 1500 — — 














1640 G. K. McGOWAN AND R. A. PETERS 


vitamin effect in Exp. 1081, but an apparent slight one in Exp. 1085. More 
work would be needed to decide whether this is significant in view of the small 
uptakes involved, but it is clearly of a different order from that with pyruvic 
acid ; the effect was not noticeable for an hour, which suggests that, if real, it is 
secondary to some other change. With pyruvic acid present (Exp. 1082), there 
is no significant increase or decrease of the vitamin effect (Fig. 1.) 

a-Ketoadipic acid, Table III (b), caused no increased or decreased oxygen 
uptake either alone or together with pyruvic acid. The only exception to this 
statement, a decrease during the first half hour, is probably insignificant. In any 
event there is no large change. 

Acetoacetic acid, Table III (c), produced a slightly increased oxygen uptake 
by itself, but this was no evidence of an interaction with pyruvic acid or with 
vitamin. 

These experiments show that the vitamin B, effect is not general for keto- 
acids or even «-keto-acids; at present the only substance known to react is pyruvic 
acid. Since there is no increased catatorulin effect with pyruvate + other acids, 
it is unlikely that any interaction with these substances is concerned (i.e. 
Scheme B is excluded). Further, since they fail to decrease the catatorulin 
effect in presence of pyruvate, even when present in high concentration, they 
cannot be intermediates in the oxidation. 


Catatorulin effect with 
mixed substrates 
0, uptake for period 1-2 hours 


Ww 
So 
So 
o 


NH 
So 
Oo 
Oo 
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S 
° 
So 


PP RIA TE 
FER OL AT LF SUCCINATE 


PYR + a-KETO-GLUTARIC ACID 





Fig. 1. Ordinates represent oxygen uptake for period of experiment 1-2 hr. Figure at top of 
rectangle is the amount of extra oxygen uptake due to added vitamin. 


Succinic acid. The possibility that pyruvic acid can be oxidized via succinic 
acid has been so oftenraised [Toenniessen & Brinkmann, 1930; Elliott & Schroeder, 
1934; Weil-Malherbe, 1937; Krebs, 1936; 1937] that it was naturally considered 
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here. Earlier work from this laboratory had shown of course a marked inde- 
pendence of succinic dehydrogenase and vitamin-reacting systems. If one stage 
in the oxidation of pyruvate is via succinate, then saturation of the succinic de- 
hydrogenase present by succinate should lead to diminution of the total amount 
of extra oxygen uptake due to the vitamin. Experiments showed that this was 
not the case. Fig. 1 records the essential data for 1 experiment out of 4. Within 
the limits of error, the O, uptake due to vitamin was the same in presence and 
absence of succinate. The conclusion is that the vitamin B,-catalysed pyruvate 
oxidation does not take the course suggested by the Toenniessen-Brinkmann 
scheme or by other modifications of the scheme involving succinic or «-keto- 
glutaric acids. The path is at present undefined. Of the possible Schemes A or C, 
A seems the more probable, but experiments are now in progress in an attempt 
to decide whether Scheme C with the intermediate acetaldehyde (Lohmann) is 
possible. 
Experimental 


a-Ketoglutaric acid and «-ketoadipic acid were prepared by the methods of 
Blaise & Gault [1911]: acetoacetic acid was made from the purified methyl ester 
[Ljunggren, 1924]. The remaining experimental details have not varied signifi- 
cantly from previous technique; Na and K pyruvate mixture 0-020+0-004 M 
has been prepared by neutralization of the diluted pure acids with a mixture of 
N NaOH and KOH with Na and K in proportions present in the Ringer- 
phosphate solution pH 7-3; respirometer bottles have contained 3-0 ml. fluid. 


SUMMARY 


The “pyruvate oxidase” system in pigeon’s brain of which vitamin B, is a 
constituent is not a general «-keto-oxidase. The path of oxidation does not 
appear to include succinic, «-ketoglutaric or acetoacetic acid, and so differs from 
other suggested modes of degradation of pyruvic acid. 


Our thanks are due to Mr H. W. Kinnersley for help with the pigeons; to 
R. W. Wakelin for valuable technical assistance; and to the Medical Research 
Council for grants in part aid of this research. 
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CCVII. BASE BINDING IN ERYTHROCYTES 


By MONTAGUE MAIZELS ann JAMES LEE HAMILTON PATERSON 
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(Received 24 July 1937) 


THE inorganic cation content of erythrocytes is greater than the content of 
inorganic anion and most writers have assumed that the excess is combined with 
haemoglobin. This is the view of Henderson [1928], who, however, points out 
that cell base is sometimes in excess of HCO,-+Cl-+Hb~. He considers this 
excess of base to be negligible in normals and due to the presence of small 
quantities of acids “‘not accounted for in the balance sheet.” These acids he 
calls HX, and X-=B*t—Cl —HCO,-—Hb~. Henderson calculates Hb~ from 
Van Slyke’s data for horse blood [Van Slyke e¢ al. 1923]. Henderson, however, 
was working with human blood and as the buffering power of human haemo- 
globin is much less than that of horse haemoglobin it follows that Henderson’s 
value for Hb~ were too high and his figures for X~ too low. In a recent paper, 
Maizels[1936] using Adair’s data[1925] for the buffering power of oxyhaemoglobin 
came to the conclusion that in normal human cells the amount of base combined 
with HX, though small, was not negligible, and that in the erythrocytes of the 
microcytic anaemias the value of X~ might rival that of Hb itself. But the 
figures quoted were only approximate and suffered from the defect of being based 
on several assumptions: firstly, the value of cell bicarbonate was derived by 
calculation from plasma bicarbonate; secondly, the presence of other cell anions 
like phosphate was neglected; and thirdly, as cell pH was not known, the amount 
of base actually bound by haemoglobin could not be determined. It was there- 
fore necessary to assign certain limiting values to cell pH and in this way the 
value of X~ was derived. 

Lately, Dill et al. [1937] have published experiments supporting the view of 
Henderson that X~ is insignificant. 

In the present communication an attempt has been made to define the value 
of X~ more exactly and it will be shown that the value of X~ is often nearly as 
great as that of Hb~ itself. It may be said at once that our values for B—Cl— 
HCO,, that is for Hb- + X~, agree with those of Dill e¢ al., but it will be shown 
that Dill et al. have used values for the buffering power of Hb~ which are too 
great and which exalt the value of Hb” at the expense of X~. 

Experimental conditions have been simplified in the following way: erythro- 
cytes were washed five times in isotonic potassium chloride solution by alternate 
suspension and centrifuging after which the supernatant potassium chloride 
solution was completely removed. It was assumed that all anions of low molecular 
weight had been washed out of erythrocytes and replaced by Cl-. This assump- 
tion was based on the observation that if erythrocytes were washed in potassium 
nitrate solution, chloride was completely removed; hence if nitrate displaces 
chloride, it seemed probable that chloride washing would remove all other 
simple anions like bicarbonate, phosphate etc. In later experiments it was 
necessary to consider this more fully and it was found that bicarbonate in 
washed cells amounted to about 1-5°% of the total anion present, but for the 
present it will be assumed that the only significant diffusible anion in washed 
cells is chloride. Under these circumstances, if X~ is insignificant, it may be said 
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that Base (B)—Chloride (Cl) equals the amount of base combined with Hb and 
(B—Cl)/Hb is the amount of base bound per unit of Hb. On the other hand, if 
X-~ is significant, then (B—Cl—Hb~)/Hb is a function of X~. 

In the first series of experiments, total base, Cl and Hb were estimated and 
the averages of twelve normal and anaemic cases are shown in Table I. 


Table I 
Hb g. per Hb g. per 
1000 ml. 1000 ml. Base m.eq. Cl m.eq. (B -—Cl)/Hb 
Group blood cells per g. Hb per g. Hb m.eq./g. 
Normals 144 323 0-353 0-255 0-098 
Anaemics 70 251 0-487 0-324 0-163 


It will be seen that cell chloride and especially cell base have a much higher 
value in the cells of microcytic anaemia than in normals and, further, the amount 
of base not combined with chloride is much greater in anaemic cells. It might be 
wondered if looser packing of centrifuged anaemic cells could account for these 
findings. Obviously, loose packing could not account for the increased value of 
B—CL, since any increase of B due to intercellular KCl must be accompanied by 
an equivalent increase of Cl. But if intercellular KCl in anaemia were as high as 
4% instead of the 1% or less occurring in washed normal cells, then the 
apparent increase in the absolute value of cell base would still be less than 1%. 
The cell content of chloride is naturally lower than that of base, but even here, 
the effect of intercellular salt inclusion would still be less than 2°%—an increase 
which may be safely neglected. 

It may therefore be said that cell base, cell Cl and the value (B—Cl)/Hb all 
vary inversely with the content of cell Hb. The relative increase of base and 
chloride is doubtless associated with the greater water content of the anaemic 
cells. The increase in the value of (B—Cl)/Hb is less easy to explain, but that it 
in fact occurs is confirmed by Table III in which base, chloride and base- 
chloride per g. of cell dried weight are shown for a number of individual cases. 

This apparent increase in the amount of base bound by Hb in anaemia may 
be due to three causes: either the anaemic washed cell solution is much more 
alkaline than the normal cell solution, or some other substance, X, is present in 
cells besides HCO,, Cl and Hb, which binds base in considerable amounts, or else 
haemoglobin from anaemic cells binds more base than haemoglobin from normal 
cells. The last is unlikely. Further analysis of the figures, however, is hardly 
possible unless one knows the pH of the laked cell solution, since the amount of 
base bound by Hb increases with pH. The investigation of base, Cl, Hb and pH 
of laked cell solutions in normals and anaemics was undertaken in series 2. 

Method. Blood was centrifuged in tubes shaped like inverted bottles open at 
the wide end. The narrower portion was about 5 cm. long and held a little more 
than 0-5 ml. Separated plasma and the excess of cells were removed down to the 
0-5 ml. mark and the cells resuspended in fourteen volumes of isotonic potassium 
chloride solution. The wash fluid was warmed to between 30 and 38° to hasten 
the exchange of anions, but no attempt was made to control the temperature 
accurately. The process of centrifuging and washing was repeated four more 
times and finally, the supernatant solution was all removed and the last traces 
washed away from the upper face of the packed red cell column with several 
changes of distilled water. The cells were then haemolysed in a large volume of 
distilled water to give a solution containing about 0-5 % Hb. In this solution, 
total base was estimated by the method of Adair & Keys [1934], chloride by the 
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method of Claudius [1924] and haemoglobin with the Haldane haemoglobino- 
meter. pH was determined with the hydrogen electrode [Harington & Neu- 
berger, 1936] immersed in a constant temperature bath at 25°, this relatively 
low temperature being chosen so as to limit the pH changes which readily occur 
in dilute solutions of blood kept at 38°. 

Base was estimated in duplicate or triplicate, the error for 0-004 m.eq. being 
less than +3%, while for chloride, the experimental error was within +2%. 
It is felt that some justification is needed for estimating haemoglobin with the 
Haldane haemoglobinometer. The method has speed, simplicity and above all 
economy of material to recommend it. For the more accurate oxygen capacity 
method it would have been necessary to have used as much blood as for all the 
other analyses combined—an important matter in the case of a patient whose 
haemoglobin is already half the normal. Further, estimation of oxygen capacity 
is not well suited to measuring haemoglobin in dilute solutions. There is 
admittedly a personal factor in colorimetric methods, but in experienced hands, 
a given sample of blood should give results differing by not more than 3%. Of 
course it is necessary to calibrate the apparatus, which in the present instance 
gave readings 6% too low. Calibration was effected by the refractometric and 
gasometric estimation of standard solutions: the former method being used for 
two solutions of dialysed haemoglobin and the latter for a fresh specimen of 
blood. Accordingly, all haemoglobin results have been corrected by 6% and, 
subject to this, it is felt that results obtained with the Haldane haemoglobino- 
meter are accurate to within +1-5%. Moreover, many of the results are 
referable to the dried weight (Dw.) of the cell solution and are quite independent 
of the haemoglobin values. Finally, in some of the experiments of Series IV, 
haemoglobin has been measured gasometrically. Calibration of the hydrogen 
electrode is described in greater detail in Appendix I. 

Knowing the amount of Hb and the pH of a solution it should be possible 
to determine the value of X-. Under experimental conditions, however, the 
haemoglobin solution becomes reduced and unfortunately there are no figures 
for base binding of reduced human haemoglobin in dilute solutions. This was 
determined from a sample of pure human haemoglobin kindly prepared by 
Dr G. 8. Adair. 

Subsequent remarks therefore fall into the following sections. 

(a) Titration curve of reduced human haemoglobin (0-552 g. per 100 ml. 


solution). 
(b) Base bound by haemoglobin and other anions in washed anaemic and 


normal erythrocytes. 
(c) Titration curves of washed and laked erythrocyte solution. 
(d) Titration curves of washed, laked and dialysed erythrocyte solution. 


The titration curve of reduced human haemoglobin 


The observed osmotic pressure of the sample was in excess of what might 
have been anticipated from its haemoglobin content and indicated the presence 
of an amount of acid or base equal to 0-238 M per mol. haemoglobin and corre- 
sponding to a shift in the isoionic point of + 0-026 pH. As the preparation con- 
tained 1-2 volumes of carbon dioxide %, corresponding to a shift in pH of 0-028 
it was assumed that the impurity present in the sample of haemoglobin was 
carbon dioxide and not base. Full details of this specimen are given in 
Appendix IT. 

10 ml. of a solution containing 0-552 g. Hb per 100 ml. were titrated with the 
hydrogen electrode using a saturated KCl-calomel half-cell. A sodium borate 
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buffer at pH 9-2 and 0-01 N HCl in 0-09 N NaCl were used as standardizing 
solutions and the E.M.F. recorded at 25° were 785 and 364-5 mV. corresponding 
to values of ¢ for the calomel cell of 242 and 241-5 mV. respectively, where 
€=E.M.F.—(pH x 59-1) mV. 


Table II. Titration curve of haemoglobin solution (0-552 °/,) with N/50 
NaOH at 25° 


Experiment I Experiment II 
m.eq. base E.M.F. m.eq. base E.M.F. 
per g. Hb mV. pH per g. Hb mV. pH 
0 662 7-12 0 661-5 711 
0-018 669 7-23 
0-038 677 7-37 0-035 676 7:35 
0-054 686 7-53 
0-076 694 7-66 0-073 693 7-64 
0-092 701 7-78 
0-110 710 7-93 0-112 709-5 7-92 
0-127 718 8-06 
0-147 726 8-20 0-145 727 8-22 
0-167 734 8-33 
0-185 747 8-55 0-182 747 8-55 
Experiment II Experiment IV 
m.eq. base E.M.F. m.eq. base E.M.F. 
per g. Hb mV. pH per g. Hb mV. pH 
0 662 7-12 0 663 7-13 
0-038 676-5 7:36 0-035 676-5 7-36 
0-059 687 7-54 
0-076 695 7-68 0-076 695 7-68 
0-112 709 7-91 
0-148 728 8-23 0-147 728-5 8-25 
0-182 747-5 8-56 0-183 748 8-56 


It will be seen that the isoionic point of reduced haemoglobin is at pH 7-12 at 
25°. To this must be added 0-03 owing to the presence of CO,. It must be noted, 
however, that while the haemoglobin solution is in the electrode vessel, its 
average depth is only 3 mm., while it exposes a surface area of 30 sq. cm. to an 
atmosphere of pure hydrogen throughout the time during which equilibrium is 
being attained. Under these circumstances it is likely that much of the CO, 
will escape and that the isoionic point of haemoglobin lies between 7-12 and 7-15 
at 25° and probably nearer the former figure. The effect of temperature may 
be taken as 0-018 pH per degree [Adair et al. 1929] so that the isoionic point at 
38° ought to be at pH 6-88. 

As the titration curve is almost straight over short ranges, the buffering power 
of haemoglobin per g., 8,, may be expressed by dividing the amount of base 
added to a known amount of Hb by the change in pH resulting. Thus the 
buffering power between pH 7-2 and 7-6 is 0-0545/0-4 or 0-136 m.eq. per pH. 
Between 7-6 and 8-0 it is 0-130 and between pH 8-0 and 8-4 the buffering power 
is 0-118. To convert these figures into eq. per mol. Hb (molecular weight = 67,000), 
it is necessary to multiply by 67 and this gives a buffering value of 9-1 between 
7-2 and 7-6. This agrees well with Adair’s [1925] figure of 9-2 for reduced human 
haemoglobin—although Adair’s solutions were many times stronger than ours. 

How far the above figures have an absolute value may be questioned. They 
provide no data as to the completeness of the reduction of haemoglobin in the 
electrode vessel, or of the CO, content after exposure of the solution to a current 
of hydrogen, nor has the considerable amount of KCl diffused out of the agar 
bridge been estimated. It may even be questioned if the hydrogen electrode 
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affords a suitable method for titrating haemoglobin solutions, although it has 
been used by Van Slyke et al. [1925] and by Cohn e¢ al. [1937], while Sendroy 
et al. [1936] have shown that estimations of blood pH with the glass and 
hydrogen electrodes are in close agreement; the latter giving results which are 
about 0-01 greater. It is probable, then, that the figures we have given have in 
fact an absolute value; that the reduction of haemoglobin by saturation with 
hydrogen is practically complete and that the error due to the presence of CO, 
is less than 0-05 pH. (This probable error is calculated on the basis that a 
solution containing 0-5 % Hb will, after rocking in the electrode vessel, hold 
less than 0-08 volume % of CO,—an assumption that is justified by the carbon 
dioxide analyses given with the bloods of series IIT. 

In any case the absoluteness or otherwise of the preceding figures relating 
to the isoionic point and buffering power of haemoglobin is a matter with 
which we are not strictly concerned. The data state that under certain fixed 
conditions a solution of haemoglobin will bind a certain amount of base and 
contribute a certain E.M.F. to the current generated in a hydrogen ion con- 
centration chain. These same data may be applied to estimating the base bound 
by haemoglobin present in a solution of laked cells contributing the same E.M.F. 
to a similar concentration chain. In short, if the haemoglobin data have no 
absolute value, they are at least strictly comparable and applicable to the 
haemoglobin present in laked cell solutions. 


Base bound by haemoglobin and other anions in the erythrocytes of anaemic 
and normal bloods 


In Table ITI the following are set out in vertical columns: (1) Case number. 
(2) Hb, g. per 1000 ml. blood; this is the conventional index of anaemia. (3) Hb, 
g. per 1000 ml. cells; this indicates the haemoglobin deficiency of the cells. 
(4) E.M.F. of the laked cell solution at 25°. The calomel ceil was standardized 
against 0-01 N HCl in 0-09 N NaCl. The £.M.F. was 364+0-5 mV. (5) pH of the 
solution at 25°; pH = (E.M.F. — 242)/59-1. (6) Base, m.eq. per g. dried cell material, 
that is B/Dw. (m.eq./g.). (7) Cl, m.eq. per g. dried cell material: Cl/Dw. 
(m.eq./g.). (8) Hb, g. per g. dried cell material: Hb/Dw. (g./g.). (9) Hb~ per g. 
dried cell material, m.eq./g., that is 0-136 x (pH —7-12) x Hb/Dw. (10) X~, m.eq. 
per g. Dw. 

X~— is shown together with the extreme variations due to the sum of the 
experimental errors in the estimation of base and chloride. 


ea’ alla Table III 
per per (B-Cl)/ Hb Hb-—/ 
1000ml. 1000ml. £.M.F. B/Dw. Cl/Dw. Dw. Dw. Dw. X—/Dw. 
No. blood cells mV. pH m.eq./g. m.eq./g. m.eq./g. m.eq./g. m.eq./g. m.eq./g. 
] 43 194 684-5 749 0-474 0315 0-159 0-79 0-040 0-119+0-014 
2 48 220 691-55 761 0-476 0-297 0-179 0-80 0-053 0-126+0-014 
3 64 236 684-5 749 0-426 0-275 0151 0-80 0-040 0-111+0-016 
4 81 240 686 751 =600-412,— 0-257) (0155s 0-043 0-112+0-011 
5 78 259 687 753 0-407 0-265 0-142 0-81 0-045 0-097 40-008 
6 68 261 685-5 7:50 0377 0-232 0-145 0-84 0-043 0-102 
7 97 270 688 755 0364 0-225 0-139 0-85 0-050 0-089+0-018 
8 178 306 686 751 0328 0-223 0-105 0-85 0-045 0-060+0-002 
9 143 311 694 765 0-293 0-197 0:096 0-87 0-063 0-033 +0-010 
10 154 311 690 7-58 0-289 0-187 0-102 0-88 0-055 0-047 +0-008 
11 128 318 680 741 0-267 0-187 0-080 0-87 0-034 0-046+0-012 
12 160 321 691-5 761 0318 0-216 0-102 0-86 0-057 0-045 
13 129 322 697 770 0317 0-191 0-126 0-86 0-068 0-058 +0-008 
14 154 333 680 741 0-276 0-199 0-077 0:86 0-034 0-043+0-010 
15 162 340 690 758 0303 0-213 0-090 0-87 0-054 0-036 +0-007 
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Several observations in Table III call for comment. Column 5 shows that 
even after five washings cells remain comparatively alkaline. This is to be 
expected. If cells were freely permeable to anions and cations, a few washings 
would bring the cell to the pH at which Hb is isoionic. But as the erythrocyte is 
impermeable to cation, the free passage of anion is restricted, since such passage 
would involve a hydrolysis of KCl. Such a hydrolysis must in fact occur to 
some small extent but this could account for only a very small decrease in pH of 
the washed cell: a more important cause lies in the repeatedly washed cell losing 
its impermeability to cation so that a slow exchange of salts gradually occurs. 
Without this partial loss of cation impermeability, it would probably require 
many washings to bring about a significant change in cell pH. 

The variations of pH in different experiments may be due to variations in 
the proportion of wash fluid to cells and also to differences in the temperatures 
at which wash fluid and cells are equilibrated. For if one system is equilibrated 
at a higher temperature than another, the increased acid dissociation of Hb will 
cause it to bind more base and the warmer system will contain less chloride. If 
now the hydrogen ion concentrations of all the systems are examined at the 
same temperature, the originally warmer system will appear to be more alkaline. 
It has been seen that no attempt was made to keep the temperature of the 
systems constant; indeed it would not have been possible to control cooling while 
centrifuging the cell suspensions. Nor is there any advantage in keeping the tem- 
perature of equilibration constant, provided that one estimates the final pH at 
constant temperature, since changes in the distribution of base and chloride due 
to variations in the temperature of equilibration are reflected in the pH recorded 
at the constant temperature of the hydrogen electrode and, knowing the values 
for base, Cl, Hb and pH at a given temperature in the laked cell solution, one 
can calculate Hb~ and X~ at that pH. 

Columns 6 and 7 show that base and chloride increase inversely with the 
content of Hb per unit volume of original cells. As the increase in base is the 
more marked, the value B—Cl also increases inversely with cell Hb. Column 9 
shows that the non-haemoglobin portion of the dried cell material is greater in 
anaemic cells. 

It is in column 10 that we are chiefly interested: this shows that in normal 
cells, Hb~ is combined with about half the non-chloride combined base and X~ 
with the rest. In anaemic cells, X~ binds about twice as much base as haemo- 
globin. These values for X~ relative to Hb~ are at variance with the work of 
Henderson and of Van Slyke and in view of this it was thought necessary to 
reinvestigate the value of X and to obtain more complete experimental data. 
Hitherto, the presence of CO, in the cell solutions has been neglected, it being 
assumed that most of the CO, in the cell solution would be removed by the 
current of hydrogen in the electrode vessel, but if this assumption were incorrect, 
then the high values obtained for X~ might be quite deceptive. In the experi- 
ments of series III, therefore, the following have been investigated: (1) Base, Cl, 
Hb and dried weight of a dilute solution of laked cells, together with the CO, 
content and pH at 25°. (2) Hb and dried weight of a concentrated solution 
(Hb, 3-5 g.) and also the pH and CO, content at 38°. From these figures the 
value of X~ has been derived, Hb~ per g. Dw. being calculated at 25° from the 
present writers’ data, Hb~ =0-136 x (pH —7-12) x Hb/Dw., and at 38° from the 
data of Adair [1925] who gives the buffering power of reduced haemoglobin as 
9-2 eq. per mol. or 0-138 m.eq. per g. Reduced haemoglobin has been taken to be 
isoionic at pH 6-81 at 38°, so that Hb~ per g. of dried weight =0-138 x (pH —6-81) 
x Hb/Dw. 
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The results of series III are summarized in Table IV and two typical experi- 
ments are set out in detail in Appendix III. It will be seen that the findings 
confirm all the previous observations that X~ is nearly as great as Hb~ in normal 
bloods and is very much greater in anaemic bloods. 


Hbg. Hbg. Table IV 
per per 

1000 ml. 1000 ml. B/Dw. Cl/Dw. Hb~/Dw. HCO,/Dw. X—/Dw. 

No. 3 blood cells pH m.eq./g. m.eq./g. m.eq./g. m.eq./g. m.eq./g. 
1 25 149 315 7-59 0-304 0-199 0-055 0-002 0-048 +0-007 
38 _— — 7-29 _— — 0-057 0-002: 0-046 +0-007 
2 25 147 318 7-56 0-291 0-195 0-054 0-004 0-038 +0-006 
38 —_ — 7-24 _— _— 0-054 0-005 0-037 +0-006 
3 25 160 320 7-50 0-304 0-207 0-045 0-008 0-044 +0-010 
38 —_— —_ 7-26 — _— 0-055 0-002 0-040 +0-010 
4 25 81 240 7-41 0-415 0-261 0-033 0-005 0-116 + 0-016 
38 — — 7-18 —- — 0-043 0-006 0-105 +0-016 
5 25 64 222 7-44 0-416 0-272 0-037 0-009 0-098 +0-008 
38 —_— _— 7-23 —_— _— 0-046 0-005 0-093 +0-008 


(Solution at 25°—weak; at 38°—strong.) 


Series IV 


In this series X~ was estimated in fully oxygenated cell solution. pH was 
measured at 38° with the McInnes glass electrode. The strong cell solution was 
used and the time for equilibrium to be reached at 38° was noted. The CO, 
content of the strong cell solution kept for a similar time at 38° was also 
measured in cases la and 6 and 2a and b; this was not possible in cases 3 and 4 
and an assumed average value for CO, has been applied to these. Hb and Dw. 
were also estimated in the strong solution and in cases la, 2b and 3, colorimetric 
values for Hb were confirmed by gasometric measurements. The strong solution 
was then diluted 7-5 times and the Hb, Dw., base and Cl of this standard dilution 
were measured. Results are summarized in Table V. a and 6 represent observa- 
tions on the same case carried out at intervals of a fortnight. Adair [1925] gives 
the buffering power of HbO, as 9-88 m.eq. per mol. HbO, or 0-148 m.eq. per g. The 
isoionic point of HbO, has been taken to be at pH 6-65—a value midway be- 
tween the usually accepted value of 6-6 and the value 6-7 given by Hastings 
et al. [1925] so that Hb~ per g. of dried weight =0-148 x (pH — 6-65) x Hb/Dw. 

Here again, the value of X~ is from one-half to three-quarters the value of 
Hb~ in normals and is very much greater in anaemic bloods. 

The values for X~ in this series are a little lower than in the preceding series. 
This may arise from the effects of oxygenation of Hb, which lowers the pH of 





Table V 
T =38° 

Hb g. per Hb g. per 

1000ml. 1000ml. B/Dw. Cl/Dw. Hb~/Dw. HCO,/Dw. X—/Dw. 
No. blood cells pH m.eq./g. m.eq./g. m.eq./g. m.eq./g. m.eq./g. 
la 154 313 7-00 0-283 0-203 0-045 0-004 0-031 +0-008 
1b — — 7-08 0-300 0-203 0-055 0-005 0-037 +0-011 
2a 149 311 7-19 0-310 0-201 0-071 0-005 0-033 +0-004 
2b — — 7-08 0-301 0-210 0-055 0-004 0-032 +0-004 
3 158 320 6-97 6-283 0-201 0-041 0-004* 0-037 0-010 
4 61 252 6-90 0-423 0-277 0-031 0-004*  0-111+0-010 


* Assumed figures. 











BASE BINDING IN ERYTHROCYTES 1649 


the system. The isoionic point of Hb is also lowered; its buffering power is 
increased and base bound at lower pH is greater. But this effect will be absent 
in the case of X, which will accordingly bind less base at the lower pH. 

The findings in series III and IV may now be contrasted with those of the 
writers mentioned previously. Van Slyke et al. [1925] give the following data for 
horse cells: per kg. cell water Hb~, 0-050 eq.; X~, 0-015 eq. Here X~ is by no 
means insignificant. In many of Henderson’s experiments total base has not been 
determined. In some, however, base is known and X~ is calculated from the 
value B—Cl—HCO,—Hb~. Hb~ has been obtained from Van Slyke’s data for 
horse haemoglobin, which has a much greater buffering power than human Hb, 
so that Hb~ is increased at the expense of X~ and the latter appears almost 
negligible. The most recent data are those of Dill e¢ al. [1937] who give average 
values for twelve normals. Data calculated from the figures of these authors are 
shown in Table VI, together with our own. In order to make the data com- 
parable, we have expressed our values not as m.eq. per g. Dw., but as m.eq. per 
1000 ml. cells. 


Table VI 
Bm.eq. Cl+HCO, Hb- BP, X~ m.eq. 
per m.eq. per m.eq. per m.eq. per per 
Hb g. per 1000 ml. 1000 ml. 1000 ml. 1000 ml. 1000 ml. 
No. 1000 ml. cells cells cells cells cells cells 
Author cases mean pH mean mean mean mean mean 
D. E. C. 12 337 HbO, 7-19 110-5 69-8 ? 41-6 —- 10 
M. P. 3 318 Hb 7-26 109 74 20 — +15 
M. P. 5 315 HbO, 7-06 107 74:5 20 + +12-5 


It will be clear from the table that when allowance is made for differences in 
oxygenation and pH, the values of B—CI—HCO,, that is of Hb~+X™~ are 
similar in all three series and differences in these values arise from the exact 
meaning that one chooses to give to X~. For us, it is B—Cl—HCO,—Hb~; for 
Dill et al. it is B—Cl—HCO,—BP,. It is rather difficult to assign an exact 
meaning to BP,. It is obtained by what is virtually an indirect titration of cell 
material by means of the Henderson- Hasselbalch equation and not of haemoglobin 
and it must of necessity include all cell substances which have buffering 
properties at pH 7. Such substances will include Hb and also a large proportion 
of X. It would appear that those substances designated by Dill e¢ al. as X in 
their Tables consist merely of the unbuffered fraction of the unidentified cell 
anions. It must be realized that the precise values of X~ and Hb~ are not of 
importance to Henderson and his co-workers. They are concerned with a physico- 
chemical system comprising a cell and plasma phase and are interested in the 
interplay of the various constituents when one or other component is altered by 
physiological or pathological circumstances. For this purpose, the value BP, 
suffices. Nevertheless, from a less general standpoint the conception that HCO, 
and Hb are the only significant cell buffers is undesirable, for it ignores other 
cell buffers which are present in quantity and which may well have a physio- 
logical and pathological significance. 

It may perhaps be of interest to compare the values for X~ obtained in our 
own experiments and in those of Dill e¢ al., using both sets of data for cell 
buffering. From Table VI, it may be seen that according to Dill et al. B—Cl— 
HCO, equals 40-7 m.eq. per 1000 ml. cells. Using the data of the present writers: 
the buffering power of HbO, equals 0-148 m.eq. per g. and the isoionic point is 
at pH 6-65, hence the 337 g. Hb present in 1000 ml. cells will bind at pH 7-19, 
0-148 x (7-19 —6-65) x 337 m.eq. or 27 m.eq. base. Hence X equals 13-7 m.eq.; 
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this contrasts with Dill’s own figure of —1 m.eq. but agrees with those of the 
present writers. 

Next, we may apply the buffering data of Dill e¢ al. to our own experiments. 
According to Dill et al. BP,=HbO, (—0-5 pH,?+ 10-625 pH, —48-46). In this 
equation the value of BP, is derived from HbO,, which is expressed in milli- 
equivalents. The equation is an empirical one based on experimental results. 
There is no reason why one should be able to forecast the value of Hb~ + X~ 
from HbO,, but one is able to do this in normals simply because the ratio of Hb 
to Dw. or alternatively of Hb to unidentified cell buffers, is fairly constant. But 
in the anaemics, the ratio is not constant and the above equation breaks down 
completely. Thus, if one applies it to the normal figures shown in the last line of 
Table VI, we find that at pH 7-06, B—Cl—HCO,=32-5 m.eq. per 1000 ml. cells, 
BP, =33-2 m.eq. and X~ in the sense of Dill et al. equals —0-7 m.eq. This agrees 
well with Dill’s own figures. But if one applies the equation to a case of anaemia 
(Table V, No. 4) it is found that B—Cl— HCO, is 41 m.eq. per 1000 ml. cells and 
BP, only 15. So that X~ in the sense of Dill e¢ al. is still very large, +26 m.eq. 
per 1000 ml. cells. 

On general grounds it seems unlikely that a substance which is certainly 
present in anaemic cells in quantity should be entirely absent from normal cells, 
and although we may have made X~ 10 % too high by taking the isoionic point 
of HbO, to be at pH 6-65 instead of at pH 6-6 or may have made X~ 10% too 
low, by taking pH 6-65 instead of 6-7, there can be little doubt that in normals the 
value of X~ is at least equal to one-half that of Hb~. 


The buffering power of reduced anaemic and normal cell solutions 


The buffering power of dilute laked cell solutions at 25° is set out in Table VII 
and compared with the buffering power of dilute Hb solution. Solutions con- 
tained about 0-5 % Dw. and the number of milliequivalents required to 
change the pH of 1 g. from 7-6 to 8-0 and from 8-0 to 8-4 are shown, together 
with the standard deviations of five experiments. Next to these figures, the 
buffering power, (Base, m.eq. per g. Dw.)/0-4, is shown in brackets. pH was 
estimated with the hydrogen electrode and haemoglobin in the solutions 
examined was therefore reduced. 


Table VII 
pH 7-6-8-0 pH 8-0-8-4 
m.eq. base per g. Dw. m.eq. base per g. Dw. 
Pure Hb solution 0-052 (0-130) 0-047 (0-118) 
Anaemic cell solution 0-054 +0-004 (0-135 +0-010) 0-048 +0-005 (0-120 +0-012) 
Normal cell solution 0-053 +0-004 (0-132 +0-010) 0-047 +0-002 (0-118 +0-005) 


It will be seen that the buffering powers of all three solutions over these 
ranges are similar. It is, however, hardly possible to arrive at any conclusion as 
. to the buffering power of X, since the proportion of X is less than one-sixth that 
of Hb by weight and unless the buffering power of X were very different from 
that of Hb its influence on the general buffering would be masked. 


Titration curves of dialysed cell solutions 


Laked cell solutions appear to be practically transparent but after dialysis a 
heavy flocculus forms. The fresh solution contains the ghosts of the laked cells 
in suspension. But after the removal of salts and change in pH resulting from 
dialysis the ghosts flocculate. In the case of anaemic cell solutions, the flocculus 
is more bulky than that derived from normal cells. 
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The following investigations were carried out on dilute cell solutions con- 
taining about 0-5 % dried weight. pH was measured at 25° by means of the 
hydrogen electrode and haemoglobin present in solutions was accordingly 
reduced. 

The pH of the dialysed anaemic cell solution is from 0-1 to 0-2 less than that 
of the normal cell solution after dialysis. This is shown in Table VIII, where the 
results from an anaemic and normal pair dialysed in the same vessel are shown on 
one line. 

It will be noted too that the pH of the dialysed anaemic and normal cells is 
also considerably less than that of a pure haemoglobin solution, pointing to the 
presence of some substance of relatively low isoionic point. To make this point 
more conclusive, a pure dialysed specimen of haemoglobin was diluted and 
redialysed for 6 days in the same vessel with samples of laked cell solutions. The 
pH of the dialysed anaemic cells was 6-7; that of the normal cells 6-8 and that of 
the haemoglobin 7-13. These differences of pH cannot be ascribed to the presence 
of CO, in the solutions, since the latter were all dialysed in a common vessel. It is 
thought that the relative acidity of the laked cell solutions is due to the sub- 
stance X, which is still present after dialysis. 


Table VIII 





fT =25° 
Anaemia Normal 
Hb g. per Hb g. per 
1000 ml. 1000 ml. 
original pH dialysed original pH dialysed 
No. cells solution No. cells solution 
1 194 6-60 11 318 6-77 
3 236 6-61 12 320 6-85 
4 240 6-69 8 306 6-80 
5 259 6-61 15 340 6-83 
6 261 6-62 10 311 6-82 


The buffering values of dilute (0-5 % Dw.) laked cell solutions, that is the 
number of milliequivalents of base added to 1 g. of dried cell material divided 
by the change in pH resulting is shown in Table IX. They cover 0-4 ranges 
between pH 6-8 and 8-4. The standard deviations for 6 experiments are shown 
after the average values. 


Table IX 
pH 6-8-7-2 pH 7-2-7-6 pH 7-6-8-0 pH 8-0-8-4 
m.eq. m.eq. m.eq. m.eq. 
Haemoglobin solution 0-130 0-136 0-130 0-118 
Dialysed anaemic cell 0-140 +0-012 0-140 +0-012 0-130 +0-010 0-114 +0-007 
solution 
Dialysed normal cell 0-133 +0-012 0-136 +0-010 0-128 +0-010 0-119 +0-012 
solution 


The figures suggest that the buffering power of pure Hb is a little less than that 
of dialysed anaemic cell solution between pH 6-8 and 7-6. 

Certain other deductions may be drawn from the preceding data; the 
buffering power of laked cell solution is practically constant over the range pH 6-8 
to 7-6, so that, knowing the initial pH of a dialysed cell solution, one can cal- 
culate the amount of base bound at 7-12, the isoionic point of Hb, and this 
should equal the value of X~ at pH 7-12. 
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Further, knowing the base bound by dialysed cell solution at any given pH 
and the amount of base bound by haemoglobin at the same pH one can calculate 
the value of X~ at that particular pH from the formula 

X~=B, (pH; —PpH,) — Bin (pHs — 7-12) x Hb/Dw. 

8, is the buffering power of the laked dialysed cell solution. Between pH 6-8 and 
7-6 it equals 0-1345 m.eq. per g. Dw. for normal cells, and 0-140 m.eq. for 
anaemic cells. pH, is the particular pH at which X~ is to be calculated. pH; is the 
pH of the cell solution after dialysis. 8,,, is the buffering power of haemoglobin 
and Hb/Dw. represents the proportion of haemoglobin of Hb to dried weight. 
In this way, a value for X~ may be derived quite independently of estimations 
of base and chloride and the two values may be used to check one another 
(Table X). The data for X~ ‘“‘calculated’”’ may be obtained from Tables IIT 
and VIII; the figures for X~- “‘found” are given in Table ITI. 








Table X 
Normal Anaemia 
X7— calculated X— found X~ calculated X— found 

No. m.eq.perg. Dw. m.eq. perg. Dw. No. m.eq. perg. Dw. m.eq. perg. Dw. 
11 0-052 0-046 1 0-085 0-119 
12 0-045 0-045 3 0-083 0-111 
3 0-050 0-060 4 0-072 0-112 
15 0-047 0-036 5 0-084 0-097 
10 0-047 0-047 6 0-080 0-102 


When comparing the two values for X~, the complexity of the data involved 
in their calculation must be realized: X~ found includes the summation of 
errors in base and chloride; X~ calculated involves the electrometric titration, 
not of a simple homogeneous solution, but of a liquid containing numerous 
minute bodies—the blood cell ghosts—in suspension. Errors in Hb~ are common 
to both values of X~. Bearing these considerations in mind, it may be said that 
the agreement between X~ calculated and X~ found, in the case of normals, is as 
good as can be expected ; the one being a little more or a little less than the other. 
But in the case of anaemic cells, X~ in the undialysed cells is consistently greater 
than in the dialysed cell solution and this suggests that in anaemic cells a portion 
of X~ is of sufficiently small molecular size to dialyse away through cellophane. 
In both normal and anaemic cells, the high values for X~ are confirmed. 





The relation of haemoglobin to dried weight of erythrocytes 


The proportion of haemoglobin to dried weight in cell solution is shown in 
Table XI. 


Table XI 
Hb g./ Hb/Dw. 
1000 ml. cells ee rea 
average Range No. cases Average Standard deviation 
225 (194-250) 10 0-814 +0-022 
260 (250-276) 8 0-834 +0-012 
314 (301-319) 12 0-871 +0-018 
327 (320-347) 10 0-875 +0-012 


Although great accuracy is hardly possible when measuring the Hb and Dw. 
of small quantities of material (about 0-05 g.) the figures in Table XI do suggest 
that the non-Hb portion of dried cell material is greater in anaemic cells. 

It will be seen that even in normal cells, Hb is only 87 % of the Dw.; of the 
remaining 13%, 4-6% consists of other proteins—possibly the stroma protein 
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described by Jorpes [1932] which is isoelectric at about pH 5-4; about 3% of 
inorganic salts, and perhaps about 2 % of lipoids: both stroma protein and lipoid 
would bind base at pH 7 to 7-4. 

In the series of Dill e¢ al. [1937] 1000 ml. cells contain 733 ml. water. If the 
specific gravity of cells be taken as 1-090, then 1000 ml. cells will contain 357 g. 
dried weight. The haemoglobin content in this series was 336 g. so that Hb/Dw. 
is 94%. On the other hand, according to Erickson et al. [1937] the specific gravity 
of cells is 1-090; assuming the water content to be 73%, dried weight is 360 g. 
per 1000 ml. cells. These authors give the haemoglobin content as 300 g. per 
1000 ml. cells so that Hb/Dw. is 84%. 

It is thought possible that the increased amounts of non-haemoglobin 
material found in anaemic erythrocytes may be correlated with the fact that 
such cells are smaller and thinner than normal, so that the ratio of cell mem- 
brane or stroma to haemoglobin will be increased. 


SUMMARY 


In the course of work on the ion content of erythrocytes the titration curve 
of a dilute solution of human haemoglobin (0-552 %) was determined. The 
isoionic point at 25° lay between 7-12 and 7-15. The molecular buffering power 
(M.W. Hb=67,000) was 9-1 eq. between pH 7-2 and 7-6; 8-7 eq. between 7-6 and 
8-0 and 7-9 eq. between 8-0 and 8-4, 

In the case of erythrocytes, if these are washed and dialysed the pH of normal 
cell solutions is about 0-3 less than that of pure haemoglobin solution, whilst the 
pH of anaemic cell solution is about 0-4 to 0-5 less. This is probably due to the 
presence of substances of relatively low isoionic point and of such a nature as 
not to diffuse easily through cellophane. 

In the erythrocyte, part of the cation is combined with Cl and HCO, and the 
rest, about one-third of the total, is combined with Hb~ and X~-. The latter con- 
sists of unknown and probably complex ions, which in normal cells bind nearly 
as much base as does Hb and which in anaemic cells binds nearly twice as 
much. X~ cannot be washed out of intact cells with KCl solution and, in normal 
cells, little if any dialyses away through cellophane. In anaemic cells it is 
possible that a proportion of X~ diffuses through a cellophane membrane, but 
not through the normal cell membrane. 

The results show that in anaemic erythrocytes, Cl and especially base and 
therefore X~ are relatively increased. Further, it may be shown from Table ITT 
(product of the figures in columns 3 and 6 divided by the figure in column 9) 
that the amount of base per unit volume of original cells is absolutely increased 
in anaemia, but as the water content is also increased [Maizels, 1936] the osmotic 
pressure of cells is not appreciably altered. 


Our thanks are due to Mr Gregory of the Department of Physiology, Univer- 
sity College, London, who kindly carried out some of the gasometric analyses. 
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APPENDIX I 


Hydrogen ion concentration. The method described by Harington & Neuberger 
[1936] was slavishly followed. When titrating, complete drops were allowed to 
fall from the burette into the titrating vessel. « for the calomel cell was deter- 
mined by standardization with 0-01 N HCl in 0-09 N NaCl; at 25°, it is (E.M.F. 
—123) mV.; and at 38°, (E.M.F.—128)mV. pH=(E.M.F.—e)/59-1 at 25° and 
(E.M.F.—e) 61-7 at 38°. In three experiments of series III, E.M.¥F. of laked cell 
solutions were quite steady; in two it reached a maximum, followed by a slight 
gradual decrease in E.M.F. This may have been due to liberation of CO, in the 
electrode vessel. During equilibration of strong cell solution in the electrode 
vessel, a fine web of cell ghosts forms round the platinum electrode. No such 
web is visible in dilute solutions, and as weak and strong solutions give the same 
E.M.F. at a given temperature, it would appear that no interference occurs with 
the estimation of the hydrogen ion concentration. 


APPENDIX II 


HAEMOGLOBIN SOLUTION USED IN THE TITRATION CURVES 
(TABLE IT) 


The dried weight of this solution was 13-85 %; the haemoglobin content as 
determined by the Haldane haemoglobinometer was 12-9 g. per 100 ml. solution. 

All the following data have been very kindly supplied by Dr G. S. Adair: 

Haemoglobin by refractometer, 13-7 g., by oxygen capacity, 13-3 g. per 
100 ml.-solution. Assuming that the volume of 1 g. Hb is 0-75 ml.+0-215 ml. 
bound water, then 100 ml. solution contain 13-2 ml. protein hydrate, or 13-7 g. 
Hb per 86-8 ml. free water. Therefore Hb equals 15-8 g. per 100 ml. free water, 
that is 0-00235 mol. per litre free water. (Molecular weight Hb =67,000.) 

The theoretical osmotic pressure of this solution is 40 mm. Hg. 

But the solution is not ideal: a 0-004 VW solution gives 1-44 times the ideal 
osmotic pressure [ Adair, 1928; 1935]; and a 0-00235 1 solution gives an osmotic 
pressure 1-26 times the ideal. So that the corrected theoretical osmotic pressure 
is 50-5 mm. Hg. 

Observed osmotic pressure was 57-2 mm. 

Therefore the excess was 6-7 mm., or 0-000395 1, since 0-01 M=17 mm. 
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Correcting for incomplete ionization of haemoglobin salts, excess equals 
0-00056 M [Adair, 1925; Stadie & Sunderman, 1931]. 

But haemoglobin was 0-00235 M, hence, excess 0.P. corresponds to 0-00056/ 
0-00235 or 0-238 mol. per mol. Hb. (This completes Adair’s data.) 

Now, base bound per mol. Hb=f (pH — isoelectric point). 8 according to the 
present writers equals 9-1 eq. per mol. Hb; the expression may be positive or 
negative. 

Therefore, 0-238/9-1 = pH — isoelectric point = + 0-026 pH. 

Hence excess of 0.P. corresponds to a shift in pH of +0-026. According to 
Adair, the Hb solution contained 1-2 vols. % CO, corresponding to a decrease in 
pH of 0-025. It is therefore probable that the osmotically active impurity in the 
Hb solution was CO,. No determination of CO, in the solution was done after 
equilibration but it may be said that the isoionic point of Hb in dilute solution 
lies between 7-12 and 7-15 and probably nearer 7-12. 


APPENDIX III 
DETAILS OF EXPERIMENTS IN SERIES III 


I. Normal 


Hb g. per 1000 ml. blood, 149. Hb g. per 1000 ml. cells, 315. 
Strong cell solution: Hb g. per 1000 ml., 51; Dw., 59; Hb/Dw., 0-87. 
Weak cell solution: Hb g. per 1000 ml., 9-95; Dw., 11-5; Hb/Dw., 0-87. 


Base in weak solution: 
1 ml. V/100 HCl 
1 ml. HCl +2 ml. solution 
Base in | ml. solution 
Base in 1 g. Dw. 


—()-494, 0-489, 0-493, 0-493 ml. V/50 NaOH. 

=0-143, 0-145, 0-139, 0-143, 0-142, 0-143 ml. V/50 NaOH. 
=0-350 +0-006 ml. V/100 NaOH. 

= 0-304 +0-005 m.eq. 


Chloride in weak solution: 
0-485 ml. V/40 AgNO, =1-19, 1-195, 1-19, 1-19, 1-19, 1-195 ml. KCNS. 
0-485 ml. AgNO, + 2-95 ml. solution =0-535, 0-525, 0-535, 0-535, 0-525 ml. KCNS. 
Chloride in 2-95 ml. solution — 0-662 +0-007 ml. V/98-5 KCNS. 
Chloride in 1 ml. cell solution = 0-229 +0-002 ml. V/100 KCNS. 
Chloride in 1 g. Dw. =0-199 +0-002 m.eq. 

pH, COy etc. of solutions: ; 

Strong solutions at 38 
234-5 mV. 

E.M.F. readings 


Weak solutions at 25 
241 mV. 


e calomel cell 
E.M.F. readings 











r ee . "oe ee oe 
Time Time 
min. mV. min. mV. 
0 = 0 sei 
7 682 5 655 
20 689-5 32 684 
30 689-5 45 684 
pH (689-5 — 241)/59-1 =7-59 = (684 — 234-5)/61-7 =7-29 
Hb m.eq. per g. Dw. =0-136 x (7-59 — 7-12) x 0-87 =0-138 x (7-29 — 6-81) x 0-87 
= 0-055 = 0-057 
CO,, vol. % - 0-06 0-30 
n 0-304 — 0-199 — 0-057 — 0-002 


0-304 — 0-199 — 0-055 — 0-002 
0-048 +0-007 


X m.eq. per g. Dw. 





= 0-046 +0-007 
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Anaemia IV 


Hb g. per 1000 ml. blood, 81. Hb g. per 1000 ml. cells, 240. 
Strong solution: Hb g. per 1000 ml., 36; Dw., 43; Hb/Dw., 0-84. 
Weak solution: Hb g. per 1000 ml., 6-95; Dw., 8-2; Hb/Dw., 0-85. 


Base in weak solution: 
1 ml. V/100 HCl 
1 ml. HCl+2 ml. solution 
Base in 1 ml. solution 
Base in 1 g. Dw. 


0-486, 0-485, 0-490, 0-485, 0-484 ml. V/50 NaOH 
0-154, 0-147, 0-139, 0-137, 0-139 ml. V/50 NaOH. 
0-340 +0-011 ml. V/100 NaOH. 

0-415 +0-013 m.eq. 


edt Ub Ul 


Chloride in weak solution: 





0-485 ml. N/40 AgNO, = 1-205, 1-195, 1-195, 1-205 ml. KCNS. 
0-485 ml. AgNO, + 2-95 ml. solution =0-565, 0-565, 0-560, 0-560 ml. KCNS. 
Chloride in 2-95 ml. solution = 0-638 +0-007 ml. V/99 KCNS. 
Chloride in 1 ml. solution =0-218 +0-003 ml. V/100 KCNS. 
Chloride in 1 g. Dw. =0-261 +0-003 m.eq. 
pH, COg etc.: 
Weak solution at 26° Strong solution at 38° 
e calomel cell 240-5 mV. 234 mV. 
Cell solutions E.M.F. readings E.M.F. readings 
nin — a — eee 
Time min. mV. Time min. mV. 
0 —_— 0 — 
15 677 18 675-5 
20 678-5 24 677 
40 678-5 31 677 
pH 7-41 7-18 
Hb m.eq. per g. Dw. =0-136 x (7-41 — 7-12) x 0-85 =0-033 =0-138 x (7-18 — 6-81) x 0-84 =0-043 
CO,, vol. % =0-09 =0-55 
X m.eq. per g. Dw. =0-415 — 0-261 — 0-033 — 0-005 =0-415 — 0-261 — 0-043 — 0-006 


=0-116 +0-016 =0-105 +0-016 
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BOLISM OF NORMAL TISSUE EXTRACTS 


By COLIN ASHLEY MAWSON 


From the John Burford Carlill Laboratories, Westminster Hospital Medical 
School, London, S.W. 1 


(Received 24 July 1937) 


THE production of lactic acid from hexosediphosphate and hexosemono- 
phosphate by extracts of muscle and tumour tissue, at an optimum temperature 
of 50—55°, has been demonstrated by Scharles e¢ al. [1935]. Using extracts of 
various transplantable mouse tumours with hexosediphosphate as substrate 
Mawson [1936] confirmed these results and found that prolonged dialysis of the 
extracts considerably reduced their glycolytic activity. The activity was 
restored, however, by addition of glutathione and the suggestion was made that 
the lactic acid was formed by means of methylglyoxalase. This hypothesis was 
supported by the observation that the yield of lactic acid was greatly reduced 
by the addition of extracts of dried kidney, which are known to contain an 
antiglyoxalase [Woodward et al. 1935]. Since little lactic acid was formed by 
tumour extracts at 38° even in the presence of glutathione it was concluded that 
the conversion of hexosediphosphate into methylglyoxal could only take place 
at higher temperatures, and it was thought unlikely that this part of the 
reaction was of an enzymic character. 

The investigation of the conversion of hexosediphosphate into lactic acid by 
tissue extracts at high temperatures has been carried out chiefly with malignant 
tissue and it seemed desirable that information should be obtained on the 
activity of normal tissue extracts under similar conditions. The present paper 
records an investigation of the hexosediphosphate metabolism at high tempera- 
tures of extracts of blood, brain, kidney, liver, muscle, spleen and testis of mice 
and rats. 





EXPERIMENTAL 


Fresh tissues from albino mice and rats have been used throughout. The animals were normal 
and were fed on the stock laboratory diet. Extracts were made by grinding the minced tissues at 
about 20° with Ringer solution in the proportion (unless otherwise stated) of 2 g. of tissue to 5 ml. 
of Ringer. The brei was ground through a fine steel-wire sieve and centrifuged twice for 15 min. 
at 3500 r.p.m. Dialysis was carried out in thin collodion sacs (4 x } in.) either in Ringer solution 
at 5° or in running tap water. In the latter case the dialysed extract was brought back to normal 
concentration by addition of Ringer solution of ten times the normal strength. Corrections for 
changes of volume were applied in calculating the results, which have been expressed as yield 
per g. of tissue. Unless otherwise stated incubations have been carried out in stoppered tubes 
(34 x 2 in.) in the presence of air. 

Lactic acid has been estimated by a slight modification of the method of Lohmann [1928] and 
alkali-labile phosphoric esters by the method of Boyland & Boyland[1935]. The hexosediphosphate 
used was a pure specimen of the calcium salt (Fraenkel and Landau). Calcium was removed from 
the HCI solution of this substance by centrifuging after neutralization with Na,CO, and addition of 
NaOH. The solution was brought back to pH 7-3, usually after addition of phosphate buffer, by 
addition of HCl. 
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Normal tissues and glucose 


Rat liver extracts. Freshly made rat liver extracts, prepared as above, contain 
about 0-76 mg. glutathione per ml. (mean of 11 experiments). When incubated 
with an equal volume of glucose solution containing phosphate buffer there is a 
very small yield of lactic acid at 38° (Table I) which may be somewhat increased 
by incubation at 52°. Addition of glutathione, raising the GSH concentration to 
about 1-2 mg. per ml., sometimes causes a further slight increase in the yield of 
lactic acid at 52°. The results obtained with fresh liver extract and glucose were 
variable and inconsistent, but although the amounts of lactic acid obtained were 
usually small they seem significant when compared with the uniformly negative 
results obtained with tumour extracts [Mawson, 1936]. 

When dialysed extracts of mouse and rat liver were used they proved to have 
practically no glucolytic activity at 38 or 52°, whether glutathione was added or 
not, and this also applied to extracts kept in glass tubes in the dialysis bath for 
the same length of time. 

Brain extracts. Extracts of rat and mouse brain showed hardly any glucolytic 
activity under any conditions examined. Most other workers have obtained 
similar results, although Geiger [1935] and Euler et al. [1936] have obtained 
active extracts under special conditions. It was noticeable that there was nearly 
always an apparent loss of lactic acid at 38° but as this occurred in dialysed 
extracts containing no detectable lactic acid the decrease was evidently due to a 
small change in the blank titre, which has not been further investigated. The 
results at 52° were variable, but in all cases the increases or decreases of apparent 
lactic acid were so small as to be hardly significant. 


Normal tissues and hexosediphosphate 


Fresh liver extracts. Small yields of lactic acid were obtained when fresh rat 
liver extract was incubated with hexosediphosphate at 38° (Table I). A con- 
siderable increase was obtained at 52°, but addition of glutathione at this 


Table I. Fresh rat liver extract. Glycolysis with hexosediphosphate and 
glucose at 38 and 52° 


1 ml. extract. 1 ml. Hdp (6 mg. free acid) or 1 ml. glucose (6 mg.) containing phosphate pH 7-3 
(M/15). 1 mg. glutathione (GSH). Incubated 1 hr. 


mg. lactic acid per g. tissue per hr. 








Hexosediphosphate Glucose 
co  M@#[["""“—J 4 ——__——_—_——, 
38° §2° 52°+GSH 38° §2° 52°+GSH 
0-07 0-83 0-55 0-16 0-01 0-15 
0-08 1-08 0-08 0-12 0-31 0-97 
0-68 1-31 0-89 — 0-28 0-07 0-39 
0-81 1-35 1-29 —0-18 1-14 0-88 


temperature gave a smaller yield than that obtained in its absence. The presence 
of excessive amounts of glutathione seems to inhibit glycolysis, and this is in 
accordance with a similar effect noticeable in the case of fresh tumour extracts. 
In this connexion Geiger [1935] mentions that a reduction in the rate of glycolysis 
occurs in presence of oxidized glutathione. 

Dialysed liver extracts. When liver extracts are thoroughly dialysed the 
glutathione content is reduced to a very low level. Under these conditions 
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1 ml. extract. 1 ml. Hdp, containing phosphate pH 7-3 (.M/15). Incubated 1 hr. 


GSH 
Hours Temp. mg. per 
dialysed 0°C. ml. 
Rat: 
20 5 0-037 
18 5 0-005 
18 5 0-012 
23 15 0-003 
21 16 0-000 
Mouse: 
22 16 0-000 
17 12 0-010 
17 11 0-000 
4 
3 
7) 
5 
Q 2 
Ee 
| 
0 
Fig. 1. 


Rate of formation of lactic acid from hexosediphosphate by rat liver extract at 52 


Dialysed 





mg. lactic acid per g. 


adenine 
38° §2° 
0-18 0-90 
0-12 1-07 
0-64 1-45 
0-00 0-56 
0-16 0-22 
0-00 1-00 
— 1-64 
0-00 1-27 
I 2 





tissue per hr. 


- 
+GSH 


1 mg. 


QO 


— ¢ 
“1G Go Go Or 


bo bo = bo 


_ 
1 


1-95 
1-38 


3 


Hours 


GSH 


mg. per 


ml. 


0-063 
0-148 
0-210 
0-077 
0-161 


0-039 
0-276 
0-082 





Undialysed 
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Table II. Addition of glutathione to dialysed and undialysed liver extracts 
with hexosediphosphate as substrate 


mg. lactic acid per g. 
tissue per hr. 


0-45 
0-00 
0-26 
0-04 
0-02 


0-28 
0-29 
0-14 


1-66 
2-32 
1-82 
1-22 


1-34 


0-91 
1-20 
0-50 


» 





in 


presence and absence of glutathione. A, with added glutathione; GSH at 0 hr. =0-68 mg. 
per ml., GSH at 5-5 hr.=0-14mg. per ml. B, without added glutathione. 
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(Table II) the amount of lactic acid produced by rat liver extracts from hexose- 
diphosphate at 38° is small. A larger yield is obtained at 52°, which is greatly 
increased by addition of glutathione. Extracts kept in the dialysis bath in glass 
tubes lose a proportion of their glutathione but sufficient remains to permit the 
formation of a considerable amount of lactic acid without addition of coenzyme; 
when additional glutathione is introduced a marked increase in lactic acid yields 
occurs. 

These points are clear in the case of rat liver extracts, but Table II suggests 
that the glutathione effect is not so significant in mouse liver extracts. The 
course of lactic acid production over an extended period was therefore compared, 
using rat and mouse liver extracts. Fig. 1 shows that in the case of dialysed rat 
liver extracts with added glutathione, incubated at 52°, glycolysis follows a 
linear path for about 4hr. Thereafter the rate gradually falls off until after 
6 hr. it has become very small. If no glutathione is added glycolysis occurs at a 
lower rate from the beginning and ceases after 2 hr. 


mg. lactic acid per g. tissue 





Hours 


Fig. 2. Lactic acid production of mouse liver and hexosediphosphate in presence and absence 
of glutathione. Temperature 52°. A, added glutathione; GSH at 0 hr.=0-68 mg. per ml., 
GSH at 6 hr.=0-27 mg. per ml. B, without added glutathione. 


Mouse liver extracts (Fig. 2) give curves of a slightly different character. The 
rate of glycolysis of the dialysed extracts with hexosediphosphate at 52° is about 
the same in presence or absence of glutathione for nearly 1 hr., and this accounts 
for the very small increase in the glycolytic activity of these extracts on addition 
of coenzyme when, as in Table II, the incubation period is only 1 hr. If the curve 
is followed further, however, the rate of glycolysis of the extracts containing 
glutathione is maintained, but that of the untreated extracts rapidly falls to a 
very low level. If the curves are taken as a whole, therefore, mouse and rat liver 
extracts are found to behave in the same way. 


oe 
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Brain extracts. The production of lactic acid from hexosediphosphate by rat 
and mouse brain extracts after various periods of dialysis is shown in Table III. 
After short periods of dialysis there is a small glycolytic activity at 38 and 52° 
which disappears after prolonged dialysis. Although not shown in the table, 


Table III. Brain extracts and hexosediphosphate 
1 ml. extract. 1 ml. Hdp (6 mg. free acid) containing phosphate (V/15, pH 7-3). 1 mg. GSH. 


Incubated 1 hr. 
mg. lactic acid per g. tissue 





Hours Temp. GSH 


dialysed 0°C. mg. per ml. 38° 52° 52°+GSH 
Rat: 
1} 16-0 0-021 0-41 1-37 3-80 
24 15-4 0-007 0-16 0-11 3-77 
193 11-5 0-000 — 0-04 0-02 2-00 
22 14-0 = 0-16 —0-13 2-02 
24 10-5 — 0-08 — 0-07 2-79 
Mouse: 
23 15-0 0-000 0-61 0-60 3°31 
17 11-5 0-003 — 0-04 —0-09 2-44 


addition of glutathione has no influence on lactic acid production at 38° either in 
brain extracts or in those of other tissues examined. At 52° addition of the 
coenzyme raises the glycolytic activity to a point which is usually higher than 
that of liver extracts. Except in the case of rat brain dialysed for 14 hr., where 
there was a residual glutathione concentration of 0-021 mg. per ml., the amount 
of lactic acid obtained at 52° without glutathione was very small as compared 
with that obtained with liver extracts. There is some evidence in Table III that 
the activity of brain extracts decreases during dialysis independently of the 
glutathione content. 

Kidney extracts. Since addition of extracts of dried kidney inhibits the hexose- 
diphosphate metabolism of tumour, it was of interest to investigate the glycolytic 
activity of fresh kidney. Table IV shows the results obtained with fresh and 


Table IV. Kidney extract and hexosediphosphate 
1 ml. extract. 1 ml. Hdp (6 mg.). 1 ml. phosphate (1/7/10, pH 7-3). 1 mg. GSH. 





Incuba- mg. lactic acid per g. tissue per hr. 
Strength tion time ~ ————~ 

Treatment of extract of extract hr. 38° 38° +GSH 52° 52°+GSH 
Mouse: 

Fresh 2:7 2 0-16 0-06 — 0-04 0-33 
Rat: 

Fresh 2:12 1-33 — 0-09 0-12 — 0-07 0-12 

Dialysed 18 hr. at 10-5 2:12 2 0-00 0-26 0-21 0-34 

Dialysed 18 hr. at 10-5 2:7 2 0-10 0-11 0-06 0-25 

Dialysed 19 hr. at 11-5 ale 1 0-13 — 0-31 0-48 


dialysed extracts of mouse and rat kidney. At 38°, both in presence and absence 
of added glutathione, the yields of lactic acid were small and irregular, the 
results being very similar to those obtained with brain. Addition of glutathione 
at 52° caused an increase of glycolytic activity, but the level reached was only 
about 1/5 of that observed with liver extracts. It seems very likely, therefore, 
that although the enzyme system under consideration is present in extracts of 
kidney, its activity is largely masked by the presence of the antiglyoxalase 
described by Woodward et al. [1935]. 
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Other normal tissue extracts. Similar experiments have been performed with 
blood, muscle, spleen and testis, and the results are reported in Table V. The 
extract of blood was made by using freshly clotted blood and extracting the 


Table V. Dialysed extracts of various tissues with hexosediphosphate 
1 ml. extract. 1 ml. Hdp (6 mg. free acid) containing phosphate (1/7/15 pH 7-3). 1 mg. GSH. 


Incubated 2 hr. 
mg. lactic acid per g. tissue per hr. 





Dilution of cr - ; 

Tissue extract 38° 38°+GSH §2° 52°+GSH 
Rat blood 1:56 0-01 0-17 0-00 0-17 
Rat blood with glucose 1:56 0-03 0-06 0-20 0-06 
Rat muscle 1: 3-5 0-05 0-19 0-06 1-37 
Rat muscle with glycogen 1: 3-5 0-01 0-03 — 0-03 -0-01 
Mouse spleen 1: 3-5 0-29 0-26 0:34 1-28 
Rat testis 1:6 = — 0-09 2-76 


minced clot in a manner analogous to that used for other tissues. No appreciable 
glycolytic activity was found in the blood extracts with hexosediphosphate or 
glucose as substrate after 24 hr. dialysis, even at 52° and after addition of 
glutathione. This is of interest as it shows that the activity of other tissues is not 
influenced by their blood content and it also emphasizes the fact that the activity 
of the other tissue extracts must be due to a true enzyme system. 

An experiment with dialysed mouse spleen extract showed slight but 
definite glycolysis with hexosediphosphate at 38°, unaffected by glutathione. 
At 52° the activity was about the same and was considerably increased by 
addition of glutathione, which also raised the activity of testis extract at 52° to a 
level higher than that of liver. 

In the case of dialysed muscle extracts no lactic acid was produced from 
hexosediphosphate at 38 or 52° in absence of glutathione. Slight glycolysis 
occurred at 38° on addition of glutathione but at 52° addition of the coenzyme 
caused a considerable production of lactic acid. With glycogen as substrate, 
muscle extract gave no lactic acid under any conditions. It should be mentioned 
in this connexion that the method of preparation of all the extracts described 
in this paper is not that which is best calculated to produce active glycolytic 
enzyme solutions in the usual sense of that term. The technique adopted was 
designed to make the results comparable with those described by Mawson [1936] 
using tumour extracts. This point must be borne in mind when comparing the 
glycolytic activity at 38° with that observed by other workers using extracts 
prepared under different conditions. 


Notes on mechanism of reaction 


Optimum temperature. Experiments with normal tissue extracts have shown 
that the optimum temperature for production of lactic acid from hexosedi- 
phosphate is about 55°. In an experiment with rat liver slices and hexosedi- 
phosphate a similar optimum temperature was observed. The slices were 
washed three times with Ringer solution and glutathione was added. 

Optimum glutathione concentration. It will be recalled that some lactic acid 
is produced by liver extracts and hexosediphosphate at 52° even when the 
extracts have been thoroughly dialysed and no glutathione has been added 
(Table II, Figs. 1 and 2). This glycolytic activity might be due to traces of 
residual glutathione, or to a second enzyme system quite independent of this 
substance. In the former case the yield of lactic acid would rise steeply at once 


———— 
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with progressive small additions of glutathione. In the latter case, however, 
the glutathione concentration of the system could be increased up to a certain 
point before any increase in glycolytic activity occurred. Thereafter further 
additions of the coenzyme should cause a sharp rise in the lactic acid production. 
Fig. 3 shows that up to a concentration of 0-027 mg. glutathione per ml. addition 


mg. lactic acid per g. tissue per hr. 


0-020 0-040 





0 
0-013) 0-063 0°159 0-390 
0-016 0-031 0-100 0-250 0-630 


mg. GSH per ml. solution (log scale) 


Fig. 3. Rate of production of lactic acid by rat liver extract and hexosediphosphate in presence 
of varying amounts of glutathione. Temperature 52°. 


of the coenzyme has no effect on the glycolytic activity and therefore the lactic 
acid production of extracts containing less than 0-027 mg. glutathione per ml. 
cannot be dependent upon glyoxalase activity. 

Changes in alkali-labile phosphate. Although it seems likely that methy]l- 
glyoxal is the immediate precursor of lactic acid in the reaction at 52° in presence 
of glutathione, nothing is known of the mechanism of production of the methyl- 
glyoxal. Boyland & Boyland [1935] have shown that tumour tissue is an excellent 
source of zymohexase, which catalyses the formation of alkali-labile phosphoric 
esters (probably mainly dihydroxyacetonephosphate) from hexosediphosphate, 
and it was of interest to find whether such compounds were the source of 
methylglyoxal in the reaction under investigation. The results of an experiment 
to show the changes in alkali-labile phosphate concentration in presence and 
absence of glutathione in citrate buffer solution are shown in Table VI (1). The 
phosphate changes were identical whether glutathione was present or not. The 
production of alkali-labile phosphate from hexosediphosphate was complete 
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Table VI. Phosphate changes with rat liver extract at 52°. 


(1) Citrate buffer. Extract dialysed 16 hr. at 10-5° in running tap water. 1-5 ml. extract. 
1-5 ml. M/10 sodium citrate pH 7-3. 1-5 ml. Hdp (4:5 mg.). 0-1 ml. GSH (1 mg.) or 0-1 ml. 
Ringer. Incubated in air. 





No GSH 0-217 mg. GSH per ml. 
C a ~\ c - 
Time incubated (min.)... 10 20 30 60 10 20 30 60 
mg. per g. tissue 
Alkali-labile P 0-66 0-62 0-66 0-61 0-65 0-62 0-63 0-59 
Inorganic P 0-09 0-12 0-19 0-25 0-07 0-12 0-14 0-26 
Lactic acid —- — — 0-37 — — — 0-71 


(2) Bicarbonate buffer. Extract dialysed 18 hr. at 10-5° in running tap water. 2-0 ml. extract. 
2-0 ml. M/5 sodium bicarbonate pH 7-3. 2-0 ml. Hdp (6 mg.). 0-2 ml. GSH (2 mg.). Incubated in 
94-5% Nz, 55% CO. 


Time incubated (min.) ... 0 5 10 30 60 
mg. per g. tissue 

Alkali-labile P 0-01 1-27 1-30 1-24 1-04 

Tnorganic P 0-03 0-11 0-11 0-32 0-54 

Lactic acid — — — 1-42 


within 10 min. and in both cases the amount remained fairly constant during 
lhr. Lactic acid production in presence of glutathione was 0-71 mg. per g. 
tissue, which is approximately equivalent to the increase found in the inorganic 
phosphate concentration. In absence of glutathione, although the lactic acid 
yield was only half that obtained in presence of the coenzyme, the production of 
inorganic phosphate was the same. The significance of this observation will be 
referred to in the discussion. 

In the experiments with citrate buffer very large blanks were obtained in the 
lactic acid estimations. Control experiments showed that the estimations were 
nevertheless quite reliable, but in order to ensure that the citrate had no specific 
influence on the results an experiment is recorded in Table VI (2) in which 
bicarbonate buffer (pH 7-3) was used in presence of N, (94-5 %) and CO, (5-5 %). 
Similar results were obtained, and it was again found that the rapid production 
of alkali-labile phosphate was not followed by the sharp fall which would have 
been expected had these compounds been the source of the lactic acid produced. 

Nature of intermediate compounds. It has just been shown that when dialysed 
liver extract is incubated at 52° with hexosediphosphate an amount of inorganic 
phosphate is liberated which is equivalent to the lactic acid which would have 
been produced if glutathione had been present. Scharles et al. [1935] have stated 
that under such conditions no methylglyoxal is produced by tumour tissue 
extracts and it was thought desirable to confirm that none was produced by 
liver extracts in absence of glutathione. The methylglyoxalase of liver is very 
active [Jowett & Quastel, 1933] and heat-stable [Lohmann, 1932] and in a 
control experiment it was found that in the presence of glutathione the rate of 
lactic acid production from methylglyoxal was exceedingly high and was 
practically the same at 20, 38, 51 and 67°. Only a slight maximum could be 
detected at about 50°, which was, however, much more sharply defined at about 
55° in dialysed extract containing only traces of the coenzyme. If dialysed liver 
extract and hexosediphosphate were heated together at 52° and complete forma- 
tion of methylglyoxal took place, addition of glutathione and continuation of 
incubation at 38° should give the same amount of lactic acid as that obtained by 
incubation of extract+ substrate + coenzyme at 52°. 
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The results of an experiment of this nature are set out in Table VII. Extract, 
substrate, and extract+substrate were each heated for 30 min. at 50-5° in 
absence of glutathione. The tubes were then cooled and glutathione added to 


Table VII. Enzyme and substrate heated before addition of glutathione 


Preliminary heating at 50-5° for 30 min. Then 1 ml. extract, 1 ml. Hdp, 1 ml. phosphate 
(1/10, pH 7-3), 0-1 ml. GSH (1 mg.), incubated 2 hr. 


Hdp Extract Extract 


preheated preheated +Hdp No pre-heating 
alone alone preheated = *#UV'"“8 
Incubated at 38° 38° 38° 38° 50-5° 50-5° 
GSH added + - ~ A = £ 
mg. lactic acid per g. tissue 0-04 0-06 0-19 0-08 0-39 0-96 


per hr. 


each. Incubation was then resumed, this time at 38°, and continued for 2 hr. 
During this time the whole of any preformed methylglyoxal would have been 
converted into lactic acid. At the same time extract+substrate which had not 
been “‘preheated’’, were incubated at 50-5 and 38°, and extract + substrate with 
glutathione at 50-5°, for 2 hr. In the latter case a yield of 0-96 mg. lactic acid 
per g. liver per hr. was obtained. The yield at 50-5° without glutathione was 
0-39 mg. per g. per hr. No significant amount of lactic acid was produced by 
extract or substrate alone, but incubation of “preheated” extract+ substrate + 
glutathione at 38° gave a yield of 0-19 mg. lactic acid per g. per hr. It is evident 
from Table VII that this 0-19 mg. is the amount of lactic acid which was formed 
during the period of “preheating” at 50-5°, so we can say that no lactic acid 
whatever was produced during the 2 hr. incubation at 38°. It can therefore be 
concluded that no methylglyoxal is produced by incubation of liver extract and 
hexosediphosphate in absence of glutathione. 

Heat-precipitation of extracts. When tissue extracts are heated at 50—55° for 
15 min. or more a considerable amount of coagulation occurs. The experiments 
described in this paper have been done with the whole extract and it was always 
observed that after incubation the tubes contained a sediment of somewhat 
gelatinous appearance and a clear supernatant which, when the extracts con- 
tained a visible amount of haemoglobin, was red in the presence of glutathione 
and pale buff in its absence. The incubation tubes were not shaken in the bath 
and it was important to determine whether the activity of the enzyme remained 
in the supernatant or was wholly or partially associated with the unevenly 
distributed sediment. The results of an experiment designed to investigate this 
point are given in Table VIII. Rat liver extract was heated for 30 min. at 51° 
and the coagulated material separated on the centrifuge. The deposit was 


Table VIII. Activity of coagulated fraction of heated rat liver extract 


Extract heated 30 min. at 51° and centrifuged. Deposit washed twice with Ringer. 1 ml. 
enzyme. 1 ml. Hdp (6 mg.). 1 ml. phosphate (7/10 pH 7-3). 0-1 ml. GSH (1 mg.). Incubated 
2 hr. at 51°. 


Suspen- 
Unheated Suspen- sion of Super- 
Unheated extract sion of deposit Super- natant 
extract +GSH deposit +GSH natant +GSH 
mg. lactic acid per g. tissue 0-08 1-30 0-00 0-07 0-09 1-01 
per hr. 
Mean wt. of protein pre- 32-1 — 17-5 — 9-8 — 


cipitate, mg. 


105—2 
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washed twice with Ringer solution and made up to the original volume with 
Ringer. Supernatant and deposit were then put up with hexosediphosphate and 
glutathione, together with controls containing unheated extract. The super- 
natant had about 80% of the activity of the unheated extract, but the deposit 
retained only about 5% of that activity. During the course of an ordinary 
incubation, therefore, practically the whole of the glycolytic activity must 
remain in solution. Table VIII also shows that although a certain amount of 
protein was lost during the washing of the deposit, roughly 2/3 of the protein 
content of the extract was removed as inactive material by heating for 30 min. 
at 51°. No further attempt has been made to purify the enzyme, but removal of 
heat-coagulable protein should be a useful first step in this direction. 

Effect of dilution on activity of enzyme. Kendal & Stickland [1937] have 
observed that the yield of lactic acid from starch in muscle extracts in the 
presence of boiled muscle extract, stated as mg. per ml. extract used, increases 
with increasing dilution of the extract. A similar phenomenon occurs with liver 
extracts and hexosediphosphate at high temperatures, and the same thing has 
also been found with tumour extracts [Mawson, unpublished]. Two experiments 
are illustrated in Fig. 4 which show a very marked rise of activity on dilution of 


a 


w che 


NR 


mg. lactic acid per g. tissue per hr. 


Exp. II 


0-2 0-4 0°6 0°8 1-0 
ml, enzyme in 2 ml. final solution 


Fig. 4. Effect of dilution on activity of enzyme. Rat liver extract 
with hexosediphosphate and GSH at 52°. 


the extracts. It is worth stating that in the highest dilution used (1 ml. extract 
+15 ml. Ringer solution—1 ml. mixture used as enzyme) the titre after sub- 
tracting the appropriate blank was 1-75 ml. N/500 iodine, representing 
0-175 mg. lactic acid. The experimental error of the titration is about + 0-05 ml. 
N/500 iodine. 

Specificity of glutathione. In order to test the specificity of glutathione as 
coenzyme, an experiment was done in which it was replaced by cysteine. It will 
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Table IX. Coenzyme effect of cysteine 


Rat liver extract dialysed 40 hr. at 10-5° in running tap water. 1 ml. extract. 1 ml. Hdp. 
1 ml. phosphate (M/10, pH 7-3). 0-1 ml. GSH or cysteine hydrochloride (cyst.). Incubated 2 hr. 


mg. lactic acid per g. tissue per hr. 





0-33 mg. 0-33 mg. 033mg. 033mg. Ollmg. 0-04 mg. 


No addition GSH cyst GSH cyst cyst cyst 
———_ per ml. per ml. per ml. per ml. per ml. per ml. 
38° 55° 38° 38° 55° 55° 55° 55° 
0-08 0-38 0-03 0-13 1-53 0-13 0-08 0-10 


be seen from Table IX that cysteine had no coenzyme activity even in so high a 
concentration as §-33 mg. per ml. although the effect of glutathione has been 
shown to be visible at all concentrations above 0-027 mg. per ml. The figures 
given in Table VII for lactic acid yields at 55° would even seem to suggest that 
cysteine has an inhibitory effect upon that part of the enzyme system which at 
this temperature does not depend upon the coenzyme effect of glutathione. 


Discussion 


Many workers have found that tissue extracts do not produce lactic acid 
from glucose even when the phosphate concentration is suitable and large amounts 
of adenylpyrophosphoric acid or glutathione are added. In the present work, 
little glucolytic activity was observed with any of the extracts used, and 
addition of glutathione did not increase their activity. Tissue extracts for work 
on glycolysis are usually prepared at very low temperatures and the final 
extracts are obtained in the shortest possible time, but it has already been pointed 
out that these precautions were not necessary in this investigation. If, however, 
extracts had been prepared under more rigorous conditions it is unlikely that the 
results with glucose would have been very different. It has been clearly shown 
by Boyland e¢ al. [1937] that the reason for the inactivity of tumour extracts is 
to be found in the very rapid destruction of cozymase and adenylpyrophosphate 
which takes place immediately damage occurs to the cells. Similar results have 
been obtained by Euler et al. [1936] using extracts of an acetone preparation of 
brain. It is possible that the same explanation might in some cases account for 
the failure of normal tissue extracts to form lactic acid from glucose. The pro- 
duction of lactic acid from hexosediphosphate at 52° does not appear to depend 
upon the presence of cozymase or adenylpyrophosphate. Extracts lose little of 
their activity during very prolonged dialysis providing that glutathione is added. 
They can be kept for a long time at room temperature without appreciable 
inactivation and during prolonged incubation at 50—55° their capacity to convert 
hexosediphosphate into lactic acid decreases remarkably slowly. The absolute 
yields of lactic acid obtained with the extracts was considerable, though no 
cozymase or adenylpyrophosphate was added in any of the experiments 
described in this paper. 

Addition of glutathione did not increase the glycolytic activity at 38° of any 
of the tissue extracts used, though Geiger [1935] found that it would increase 
the activity of his brain and liver extracts. When a temperature of 50-55° was 
used with hexosediphosphate as substrate the amount of lactic acid obtained 
was considerable. Very little difference was found between the activity of 
extracts of the various tissues used except for those of kidney. In all cases the 
lactic acid production of extracts which had been subjected to prolonged dialysis 
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was comparatively low and was greatly increased by addition of glutathione. 
It has been shown that glutathione may be added to dialysed liver extract until 
a concentration of 0-027 mg. GSH per ml. is reached before a coenzyme effect 
begins to appear, and this indicates that in liver extract an enzyme system must 
exist which will produce lactic acid from hexosediphosphate at 50-55°, but which 
is unrelated to glutathione. It is considerably less thermostable than the 
glutathione-sensitive enzyme and it does not appear to exist in brain extract. 
It will be seen from Table III that except in the first experiment with brain 
extract the lactic acid yield at 52° without glutathione was never greater than 
that at 38°. The exception was due to the fact that in that case the dialysis was 
incomplete. The increase of glycolytic activity obtained on addition of gluta- 
thione at 50-55° is so striking that there can be no doubt of the reality of the 
phenomenon in all the tissues examined, with the exception of blood, which gave 
no significant amount of lactic acid under the conditions of the experiment. 

Although the results were so definite with hexosediphosphate, it is note- 
worthy that even at 55° no lactic acid could be obtained from glucose. The 
glyoxalase activity of the extracts was so high at all temperatures examined that 
no satisfactory optimum temperature could be found when methylglyoxal was 
used as substrate, but results with dialysed extracts suggested that it was at 
about 55°. This would suggest that no hexosediphosphate was formed from 
glucose by the extracts used in these experiments. 

Jowett & Quastel [1934] and Crabtree [1936] have stated that the glyoxalase 
system in tissue slices decreases in activity very rapidly at 38°, although 
Lohmann [1932] claimed that glyoxalase is very stable to heat. It has been shown 
that lactic acid production from hexosediphosphate at high temperatures is 
effected by a very stable system and the question therefore arose as to whether 
methylglyoxal was really produced at any stage in the reaction. Inoue [1931], 
using dialysed extracts of rabbit liver freed from glyoxalase by alcohol, obtained 
almost complete conversion of hexosediphosphate into methylglyoxal, and a 
54% yield was observed by Neuberg et al. [1930] with extracts of an acetone 
preparation of rat sarcoma. In the present work no direct evidence has been 
found of methylglyoxal formation. This would not be surprising in the complete 
system where active glycolysis was taking place, because of the extraordinarily 
high activity of tissue glyoxalase [cf. Jowett & Quastel, 1933]. In the absence of 
glutathione, however, methylglyoxal might be expected to accumulate, but the 
fact that this does not occur is shown by the observation that addition of 
glutathione to a dialysed extract containing hexosediphosphate which has been 
incubated at 52°, and continuation of the incubation at 38°, does not lead to any 
production of lactic acid. Had methylglyoxal been formed during the pre- 
liminary treatment at 52° it would have been converted quantitatively into lactic 
acid during the subsequent incubation in presence of the coenzyme. 

If methylglyoxal is formed during the reaction it must arise from a precursor 
whose breakdown is dependent upon the presence of glutathione at 50-55°. 
There is much indirect evidence in favour of this view. The antiglyoxalase of 
kidney prevents conversion of hexosediphosphate into lactic acid at high tem- 
peratures, and under these conditions the glycolytic activity of fresh extracts of 
whole kidneys is strikingly less than that of other tissues. In this connexion it 
is difficult to explain the observation of Jowett & Quastel [1934], who found that 
slices of rat and guinea-pig kidney had a higher glyoxalase activity than any 
other tissues examined. It has been noticed in the case of all tissues examined 
that addition of glutathione to fresh tissue extracts containing large amounts of 
natural glutathione often causes a reduction of their glycolytic activity at 50-55°, 
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and a parallel to this is to be found in the observation of GirSavitius & Cheifetz 
[1936], who state that beyond a certain optimum concentration, increase in 
glutathione content depresses the activity of glyoxalase preparations. 

If the hypothesis of methylglyoxal formation is not accepted it must be 
assumed that glutathione can act as coenzyme in the conversion of some other 
substance, free from phosphate, into lactic acid. The effect must be relatively 
specific since cysteine has been shown to have no coenzyme activity. The pre- 
cursor must be free from phosphate since the same amount of inorganic phosphate 
is formed whether glutathione is present or not, and the inorganic phosphate 
produced is equivalent to the amount of lactic acid formed in presence of 
coenzyme. It has been shown that alkali-labile phosphate is not directly con- 
cerned in the reaction and can therefore be excluded in this connexion. It has 
not yet been possible to identify the precursor, but it is interesting that Lawson 
[1936] has postulated a non-phosphate precursor in the glycolysis of kidney at 
38°. It may be possible, by the use of cozymase, to establish a connexion between 
the non-phosphate glycolytic systems of Ashford [1934] and Lawson and the 
precursor which, at 50-55°, is the intermediate compound between hexosedi- 
phosphate and methylglyoxal. 

SUMMARY 


1. Dialysed normal tissue extracts prepared at 20° do not convert glucose into 
lactic acid either at 38 or 50—55° in the presence or absence of glutathione. 

2. With the exception of blood, which has no glycolytic activity under these 
conditions, all the dialysed normal tissue extracts examined form small amounts 
of lactic acid from hexosediphosphate at 50-55°, and addition of glutathione at 
this temperature causes a large and sustained increase of glycolytic activity. 
Little lactic acid is formed from hexosediphosphate at 38° and the yield is not 
increased by addition of glutathione. 

3. The coenzyme effect of glutathione does not commence until a con- 
centration of 0-027 mg. per ml. is reached. Below this concentration glycolysis 
is dependent upon a comparatively thermo-labile system which is not influenced 
by glutathione. 

4. The activity of tissue extracts which convert hexosediphosphate into 
lactic acid at 50-55° in presence of glutathione increases greatly on dilution of 
the enzyme. 

5. Formation of alkali-labile phosphoric esters from hexosediphosphate is 
very rapid at 52° in liver extract containing citrate or bicarbonate buffer. Addi- 
tion of glutathione causes no change in the alkali-labile phosphoric ester con- 
centration. 

6. The same amount of inorganic phosphate is formed from hexosediphos- 
phate by liver extract at 52° in presence or absence of glutathione. 

7. No methylglyoxal is formed by liver extract from hexosediphosphate at 
50-5° in absence of glutathione. 

8. Almost the whole of the enzymic activity remains in the uncoagulated 
portion of tissue extracts heated for 30 min. at 51°. 

9. Cysteine cannot replace glutathione as coenzyme for the conversion of 
hexosediphosphate into lactic acid at 50-55°. 

10. The significance of these results is discussed. 


It is a pleasure to acknowledge several useful suggestions made by Dr E. 
Boyland, who also supplied a sample of methylglyoxal. 

The expenses of this work were defrayed by the Cancer Research Fund of the 
Westminster Hospital. 
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INFLUENCE OF LOW OXYGEN TENSION 
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WarsurG & KusowirTz [1929] showed that the respiration of Micrococcus 
candicans at oxygen tension as low as 10-5 atmosphere (=0-008 mm. Hg) does 
not differ from that in air. Their results were obtained only under experimental 
conditions which ensured that the diffusion gradient of O, within these small cells 
should be adequate at the very low oxygen tensions. With yeast cells the 
diameter of which is about ten times larger than that of Micrococcus, the 
respiration began to decrease at an oxygen tension above that at which diffusion 
of O, within the cell would become a limiting factor. 

Meyerhof & Schulz [1932] found that in Azotobacter croococcum there is a 
definite relationship between the magnitude of respiration and the oxygen 
tension. The highest level of oxygen uptake occurs in an atmosphere containing 
15-20 % oxygen. From this level the respiration decreases slowly with increasing 
and rapidly with decreasing oxygen concentration. The possibility that the 
gradient of O, tension within these cells is responsible for the decrease of 
respiration at lower oxygen tensions than 15% O, has been excluded by calcula- 
tions for a spherical bacterium. These showed that at the lowest oxygen con- 
centrations used (0-3 °%) the diameter of the cells was considerably smaller than 
that required by the theory to cause an appreciable gradient of O, tension within 
the cell. 

Bumm et al. [1934], working with mucosa of the intestine of the guinea-pig, 
have compared respiration and glycolysis in 95°% O, and 10% O,. They found 
that aerobic glycolysis increases with decreasing oxygen tension, the magnitude 
of respiration remaining unaltered. This means that the Pasteur effect depends 
upon the oxygen tension. The thickness of the mucosa was found on the average 
to be 1-0 x 10-2 cm. Leinert [1935] criticized these results and stated that tissue 
slices are unsuitable for such experiments because the diffusion of oxygen may 
become the limiting factor at low oxygen tension. This criticism loses, however, 
some of its force for the following reasons: (1) it has been shown by Bummet al. that 
the respiration rate was almost the same in 10 % O, as in 100 % O,, (2) Warburg 
[1927] tested several other tissues with the same oxygen concentration (10% O,): 
his results, especially those on whole embryos, the thickness of which surpasses 
many times that of the intestinal mucosa, disproved this objection. The second 
criticism made by Leinert that respiration and glycolysis were not measured by 
Bumm e¢ al. in the same media (namely oxygen uptake in phosphate-Ringer and 
aerobic glycolysis in bicarbonate-media) is due to a misunderstanding, for 
Bumm e¢ al. actually did determine both figures in Ringer-bicarbonate [1934, 
p. 214]. 

The differences found by Bumm et al. were not very large in every experiment 
and in a few cases the Qo, in 10% O, was actually a little lower than in 100% 
O,. In an average of 13 experiments respiration in low oxygen tension was 
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9-35°% lower than in 95% O, while aerobic glycolysis increased by 106%. 
The small decrease of respiration cannot account for the rise in aerobic glycolysis. 
On the whole, therefore, their experiments satisfactorily support their con- 
clusions. 

Leinert [1935] examined the reaction of so-called ‘‘Morawitz cells” to low 
oxygen tension. These cells are red blood corpuscles of rabbits suffering from 
anaemia caused by injection of phenylhydrazine. Respiration and aerobic 
glycolysis of these cells are both very high and the oxygen uptake remains con- 
stant for 8 hr. in vitro. The nature of the substance which undergoes oxidation 
is unknown [Warburg e¢ al. 1931]. 

Using these cells for experiments with oxygen tensions of 5, 20 and 95%, 
Leinert found no influence of low oxygen tension on the Pasteur effect. Morawitz- 
cells, however, might be regarded as abnormal or even pathological and so can 
hardly serve for controlling results obtained with normal tissues. 

Moreover, an analysis of the figures given by Warburg [1927] in his paper on 
the influence of CO and NO on tissue metabolism seems to indicate that the 
phenomenon described by Bumm ef al. namely, the inhibition of the Pasteur 
effect under low oxygen tension, also took place in his experiments. The mano- 
meter readings (h) for chorion, retina and embryo in 95 % O, 5% CO, were — 10, 
+35, —0-5 respectively, and +15, +46, +5-5 in 10% O, 5% CO, 85% Ny. 
The differences are especially large with chorion and less pronounced with retina 
and embryo. 

The increase of positive pressure which occurred at low oxygen tension is to 
be explained only in two ways: (1) by a decrease of the oxygen uptake, i.e. by 
diminished respiration, and (2) by increased CO, production from bicarbonate 
by lactic acid formation. 

The first possibility can be excluded (vide this paper). Only the second ex- 
planation therefore remains, namely, that the increased positive pressures in low 
oxygen tension are due to increased aerobic glycolysis. In these tissues therefore 
the Pasteur effect seemed to have been dependent on the oxygen tension. 

Material and methods. The following tissues have been used for the experi- 
ments described in this paper: retina (rat, pig), chorion (rat, mouse), allantois 
(chicken), Crocker-sarcoma (mouse) and liver (mouse). 

The methods applied were: 

(1) Warburg’s differential manometer method [1924; 1925]. 

(2) The method of Dixon & Keilin [1933]. 

(3) The method of Dickens & Simer [1931]. 

All media contained 0-2 % glucose. 

Mixtures of three gases containing CO, were prepared in a mercury gasometer 

of similar type to that used by Warburg et al. [1931]. 


When working with Warburg’s differential method the procedure was as follows: 

(1) Saturation of Ringer-bicarbonate with 5% CO, in O, or 5% CO, in N, for 15 min. at 39°. 
At this stage only saturation with CO, matters. If this point is neglected great errors are intro- 
duced. 

(2) The vessels are filled with the respective amounts of fluid and with 5% CO, in O, or 5% 
CO, in N,. 

(3) The vessels are shaken for 10 min. in the bath at 39° in order to establish complete CO, 
equilibrium in both vessels. 

(4) The vessels are opened and filled with the experimental gas mixture. About 300 ml. of 
gas mixture are passed slowly through each vessel. 

(5) They are shaken for at least 10 min. in order to approach equilibrium between the fluid 
and the experimental gas mixture. 





ee eeER 





ee 





ec 


er 


TEE 





OXYGEN TENSION AND TISSUE METABOLISM 1673 


(6) The vessels are opened and for the second time 300 ml. of the experimental gas mixture 
are passed through them. While the gas is passing the tissues are introduced into the vessels 
through their side openings. 

(7) 12min. is then allowed for final equilibration before taking the zero reading of the experiment. 

The preparation of the tissues and slices to be used took place during stage (5) of the above 
procedure. The tissue slices were therefore adjusted to the conditions of the experiment immediately 
after their preparation. 

It was necessary to prove that working with low oxygen tension in different volumes of fluid 
did not introduce an experimental error. The oxygen uptake in this method follows the formula 





where the capital letters refer to the large volume of fluid (V7) and the small letters to the small 
volume of fluid (v,). If (h) becomes too high by an experimental error, caused by the low oxygen 
tension, while no corresponding error occurs in (H), then oxygen uptake would be only apparent. 
Such may be the case if the oxygen saturation in v; is insufficient compared with the oxygen 
saturation in Vp, because with any glycolysing tissue incomplete saturation with oxygen of v; 
would produce an increase in glycolysis and with it an increase of positive pressure (h) which is 
not compensated by an equivalent increase in (H). 

This possibility however was excluded on theoretical considerations and by experiment. 

The oxygen saturation of any fluid at a given rate of shaking depends on the surface between 
fluid and gas. This surface is larger in v; than in Vp. Therefore the limiting factor in these 
experiments is the oxygen saturation of Vy. Any experimental error which could result from 
low oxygen tension would therefore lead in the first instance only to non-saturation with O, in 
Vp and to too big a pressure (H). This error would invariably lead to too low a value for the 
oxygen uptake, i.e. to an error in the opposite direction. That this consideration holds good in 
practice was demonstrated with yeast. (H) in Vp and (h) in v; of a suspension of yeast cells in 
5% O, have been compared. Decreasing the rate of shaking and with it the oxygen saturation 
gave rise to increased pressure of (H) in Vp long before the saturation of v,; became insufficient. 


D. 
ae 
<< 





Fig. 1. Flowmeter adapted for mixing gases. For description vide text. 


The limiting factor was therefore the oxygen saturation of the larger volume of fluid (V7) and 
the rate of shaking had to be adjusted accordingly. It was found that at the lowest oxygen 
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tension used (5%) with Vp=7-0 ml. and the small amounts of tissues used a rate of shaking of 
160 per min. was sufficient for satisfactory oxygen saturation of Vp. 

For the method of Dixon & Keilin no such precautions are necessary, but the essential point 
here is that both flasks of the manometer should be treated in the same way and contain, after 
the saturation of the fluids therein, the same gas mixture in the same proportion. It was found 
that 1500 ml. of gas were sufficient when the whole gas stream was slowly passed through both 
manometer vessels by connecting the two stoppers (s) by means of a rubber tube [v. Dixon, 1934, 
p. 98]. In the method of Dickens & Simer, requiring three manometers for one experiment, larger 
quantities of gas have to be used in order to obtain complete equilibrium in all three vessels. This 
amount could not be prepared in a mercury gasometer. The following arrangement has therefore 
been used. Three flowmeters (A, B and C, Fig. 1) have been combined in such a way that the gas 
flow of all three meets in one point (D) and is mixed in the bulb Z. From there the combined gas 
stream goes to the manometer. Two of the flowmeters (A and B) have very small bores of about 
equal diameter, one (C) has a larger bore. The diameters of the bores were adjusted in such a way that 
about 10 times as much gas passed through C as through A and B per 1 in. difference of level. 
The flowmeters allow any mixture of three gases, within certain limits, to be prepared. The three 
gases are brought to the same temperature before entering the flowmeters by being passed through 
4 ft. long coils of copper tubes of 3 mm. diameter (Ff). The copper spirals are suspended in a 
water bath at room temperature. 

The accuracy of the method was sufficient for my experiments. A gas analysis with the 
Haldane apparatus of a mixture, which was supposed to contain 5% CO,, 6% O, in Nz, showed 
5-1% CO, and 6-8% O,. 


RESULTS OF THE EXPERIMENTS 


The results of the experiments with low oxygen tension are summarized in 
Tables I, II and III. Three main facts emerge from these results. 

(1) The magnitude of respiration of the tissues examined (with the exception 
of liver) is the same in low oxygen tension as in 95% O, (Table I). 


Table I. Respiration (Qo,) of different tissues under low oxygen tension in 
Ringer phosphate, 0-2 °), glucose (=R.P.) and in Ringer bicarbonate, 
0-2°/, glucose (=R.B.) 


% O, in 
Material Medium N; Qo, 
Retina (rat) R.P. 100 17-5 
rt 175 
5 19-75 
5 17-90 
Retina (rat) R.B. 95 32-0 
5 7-9 
10 31-8 
Chorion (rat) R.B. 95 13-5 
5 15-4 
Sarcoma (mouse) R.B. 95 10-85 
8 10-65 
Liver (mouse) R.P. 100 13-8 
20 10-7 
10 9-2 


(2) The aerobic glycolysis is increased in low oxygen tension (Table II). 
(3) The respiratory quotient ( eee ake. is lower in low oxygen 
P yq \ 0. ) ys 
tension than in 95% O, (Table ITI). 
The first fact indicates that in all experiments with the exception of liver the 
: t pe p 
oxygen saturation of the tissues has been sufficient. 
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Table II. Metabolism of different tissues under low oxygen tension. 
Ringer bicarbonate, 0-2°/, glucose 
Warburg’s differential method =W. Dixon-Keilin method = D.K. 


Gas in vol. % in addi- 
H 5 0 \ 
tion to 5% CO, 
— ———, 


Material Method O, N, Qo. go 
Retina (rat) Ww. 95 — 30-32 45-0 
10 85 29-2 68-1 
10 85 35-0 70-8 
5 90 27-85 71-0 
5 90 29-0 67-1 
Retina (pig) D.K. 95 _— 15 9-3 
5 90 21 14-9 
95 — 20-4 14-4 
5 90 18-5 28-0 
Chorion (rat) W: 95 _ 13-5 1-1 
5 90 15-4 6-2 
5 90 16-7 5-9 

Chorion (rat) D.K. 95 — 25-5 +0 
5 90 22-0 10-7 

Allantois (chicken) W. 95 a= 22-3 0 
5 90 20-5 13-6 
Crocker (mouse) sarcoma W. 95 — 8-6 17-2 
95 — 10-8 14-8 
5 90 8-4 24-9 
5 90 10-65 29-6 


Table III. Respiratory quotient under different oxygen tensions. Ringer 
bicarbonate, 0-2°/, glucose 


Method Dickens-Simer=D.S. Method Dixon-Keilin = D.K. 


R.Q. 

———_—_——a \—<—<<ccrxr 

Material Method 95% O, 5% O, 
Chorion (rat) D.K. 1-05 0-68 
D.K. — 0-72 
Retina (rat) DS. 0-85 0-72 
Retina (pig) D.S. 0-80 0-66 


The second fact shows that the Pasteur effect under the conditions of the 
experiments depends upon the oxygen tension, rather than upon the rate of 
respiration. Warburg [1926] has defined the Pasteur effect as the chemical 
reaction which couples respiration and fermentation (or glycolysis) in such a 
way, that respiration decreases or abolishes fermentation. According to Warburg 
the inhibition of fermentation itself is less characteristic of the Pasteur effect 
than the relationship between the inhibition of fermentation and the magnitude 
of respiration, shown by the Meyerhof quotient: 


anaerobic fermentation-aerobic fermentation 


respiration 


However, in the experiments reported the Meyerhof quotient decreases without 
alteration in the magnitude of oxygen uptake. 

The oxygen tension within the human body corresponds approximately to 
about 5% O,, which must be considered as the physiological oxygen tension, 
under which the enzymic reactions occur within the body. Whereas the rate of 
respiration in the foregoing cases is independent of the oxygen tension above 
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5% O,, other oxidase systems are known which in vitro are largely dependent 
upon the oxygen tension above 5 %, e.g. uricase [Batelli & Stern, 1909], tyramine 
oxidase and xanthine oxidase [Kohn, 1937]. High oxygen tension, therefore, 
itself alters either qualitatively, as in the experiments described, or quantitatively 
the metabolism in a way, which needs consideration in every case and calls for a 
critical analysis with regard to conclusions as to actual physiological processes 
within the body. 
SUMMARY 


1. Respiration and aerobic glycolysis of a variety of tissues (retina, chorion, 
allantois, liver and tumour) have been measured under low (5-20%) oxygen 


tensions. 
2. Respiration was found to be of the same magnitude in low oxygen tension 


a“ 


as in 100% O, (except in the case of liver). 

3. The aerobic glycolysis of all the tissues examined is considerably increased 
under low oxygen tension. 

4. The respiratory quotient is lowered under low oxygen tension. 

5. The change in metabolism is ascribed to a change in enzymic activity 
under low oxygen tension. 

6. Stress has been laid on the point that measurements of cell metabolism 
under high oxygen tension (100% O,) are carried out at a tension which differs 
widely from the physiological oxygen tension within the body. 


The writer has pleasure in thanking Dr M. Dixon for help in the construction 
of the flowmeter. 
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THE respiration of yeast cells which are saturated with glucose or other sub- 
strates such as ethyl alcohol or acetic acid is inhibited by carbon monoxide 
[Warburg, 1926, 2]. The effect is due to the CO combining with a component of 
the respiratory system of the cell. 

Anaerobic fermentation of yeast and anaerobic glycolysis of tissues are the 
same in N, asin CO. Aerobic fermentation of yeast however, which according to 
the prevalent conception of the Pasteur effect is dependent on the magnitude of 
respiration, is only partly dependent on respiration in presence of CO. It in- 
creases with decreasing respiration but not in proportion to the decrease in 
respiration. In cases where respiration is only slightly inhibited by CO, the 
decrease in respiration ‘cannot account for the increase in aerobic fermentation 
[ Warburg, 1926, 2] which reaches nearly the same value as the anaerobic fermen- 
tation. 

Warburg [1926, 2] has furthermore shown that the respiration of yeast which 
is inhibited by CO in the dark reappears again when the cells are exposed to light. 
Since the reappearance of respiration of yeast in light is accompanied by a 
decrease of aerobic fermentation, the influence of CO on respiration in yeast can 
be determined by measuring the changes of aerobic fermentation during the 
alternating periods in light and dark. 

It is generally assumed that the respiration of other cells is inhibited in a 
similar way by CO. However, very few experiments are reported in which 
respiration of cells of higher animals under the influence of CO has actually been 
measured. 

Warburg [1927] measured the aerobic glycolysis of several tissues in light and 
dark in presence of CO. He found more aerobic glycolysis in the dark than in 
light, and thence inferred that CO in the dark inhibited respiration of these 
tissues. Fujita [1928] has similarly inferred an inhibition of respiration of white 
blood corpuscles by CO as measured by their aerobic glycolysis. The metabolism 
of acetic acid bacteria measured directly in terms of oxygen uptake has been 
found to be inhibited by CO [Tamiya & Tanaka, 1930; Reid, 1931]. Respiration 
of Aspergillus was found to be inhibited by CO [Warburg & Kubowitz, 1929] as 
was also the respiration of frog’s nerve [Schmitt, 1930; Chang & Gerard, 1931). 
Runnstrém [1930] has shown that the respiration of fertilized sea urchin eggs in 
an atmosphere of 95% CO 5% O, is strongly inhibited, whilst the oxygen uptake 
of non-fertilized eggs is not affected by CO. 

There is furthermore one experiment by Warburg e¢ al. [1931] in which the 
influence of CO on the respiration of Morawitz-phenylhydrazine-red blood 
corpuscles has been determined. Respiration was found to be unaffected by CO 
in phosphate-NaCl solution but it was inhibited to about the same extent as that 
of yeast in Ringer bicarbonate. 
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Fenn & Cobb [1932, 1, 2] have studied the effect of CO on respiration of 
tissue slices of higher animals by direct measurement of oxygen uptake. A 
variety of tissues of rats and frogs has been examined by them, especially 
skeletal muscle, heart muscle, skin, liver and spleen. None of the tissues used 
showed any marked inhibition of respiration in 80% CO 20% O,. On the 
contrary, increases of oxygen uptake of 160% and 98% were found in skeletal 
muscle and heart muscle respectively. Other tissues showed smaller or no in- 
crease and only frog’s skin showed a slight decrease (14%) of respiration. 
They have also shown that the increased gas absorption observed in CO was due 
to the oxidation of CO to CO, which likewise occurs to an appreciable extent 
only in heart and skeletal muscle. The authors remark that their negative 
results with regard to the effect of CO on respiration do not necessarily contradict 
the theory of Warburg for they might merely mean that higher ratios of CO to 
O, should have been used. 

Warburg [1927] examined liver, retina, chorion, embryonic tissue and 
tumours as to their reaction against CO and found certain differences of meta- 
bolism, according to periods in darkness and in light (Table I). 


Table I. Alternating manometer readings using different tissues in O2/CO 
(in darkness (d) and in light (1)), in O2/N2 and in Ov 


Ringer bicarbonate, 0-2% glucose =R.B. Serum=S. From Warburg [1927]. 


Tissue — --. Liver Chorion Retina Embryo (rat) 
Medium aad tae 8. 8. R.B. 8. 
Temp. (° C.) ons oes 25 37-5 37-5 37-5 
10% O., 5% CO,, 85% CO: 20’'(d) - 8 +43 +79 30’ (d) +90 
20’ (1) -1l +23 +56 30’ (I) 4+.7°5 
20’ (d) — 45 +38 +71 30’ (d) +85 
20 (i) = -1l +23 +47 30’ (l) + 6-0 
95% O,, 5% CO,: 20’ — -10 +36 30’ —0-5 
10% 0, 5% CO,, 85% Nz: 20’ ia +15 +46 30’ +55 


The positive pressures were found always to be less in light than in darkness. 
Warburg concluded, applying the results and theory of his experiments with 
yeast to these tissues, that the high positive pressure in the dark is due to in- 
hibited respiration and increased aerobic glycolysis, while the decrease of 
positive pressure in light is due to reappearance of respiration and diminished 
aerobic glycolysis. However, this does not follow conclusively from the figures 
given in his table because no actual measurement of respiration had been 
recorded. 

Respiration can be measured by this method (using Ringer-bicarbonate, 
with 5 % CO, in gas phase) only with two vessels with different volumes of fluid. 
High pressures in darkness and diminished pressures in light, as observed in one 
vessel, do not allow assumptions to be made with regard to the magnitude of 
respiration, because the same changes of pressure may result from changes in 
glycolysis only while respiration remains the same in both cases. 

That this is actually the case will be shown in the following experiments. 


Methods and material 


Retina, allantois, chorion and liver have been examined. The methods used 
were the differential method of Warburg and the method of Dixon & Keilin. 
The gas mixtures contained 5% CO, and 5-10% O, in CO. The ratio O,/CO 
varied from 1:8-5-1:18. The gas mixtures for the controls contained N, 
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instead of CO. When working with Warburg’s method the same precautions 
were taken as described in the previous paper for the experiments with low 
oxygen tension in order to ensure saturation of the fluids with CO, and O,. 


RESULTS AND DISCUSSION 


The principal results of these experiments are shown in Table II. The 
oxygen uptake of retina and chorion is not inhibited by CO even in the high 
concentrations of CO which have been used. The Pasteur effect is inhibited 
completely in the case of retina (Q{?=Q*) and strongly in the case of chorion. 
On those tissues CO therefore acts as ethylcarbylamine on tumours [Warburg 
1926, 1]. In the case of allantois of 5 days old chicken embryos there is also no 
inhibition of respiration. Only in one case (14 days old embryo) (No. 3, Table IT) 
is there an inhibition compared with the respiration in 95% O,, but there is no 
inhibition if the figures obtained using low oxygen tension in presence of N, and 
of CO are compared. 

The R.Q. (No. 2, Table II) islow. But the low oxygen tension accounts for this, 


as has been shown in the previous paper. 
Table II.* Metabolism of different tissues under the influence of CO. 
Warburg’s differential method. Ringer bicarbonate, 0-2% glucose (except experiment N. 6). 


Vol. % of gas 





c ‘ 


Material 0, co, N, co Qo, Qo R.Q. 

1. Allantois chicken, 95 5 — — 12-6 1-1 -- 

5 days’ incubation 8 5 = 87 11-0 10-5 — 

2. Same, 5 days 95 5 — — 17-5 0 — 
7 5 — 88 21-8 16-0 0-727 

3. Same, 143 days 95 5 — — 13-0 0 _ 

8 5 87 — 6-4 0 — 

8 5 — 87 6-7 3-4 — 

4. Chorion (mouse) 95 5 -— 15-7 6-4 -- 

5 5 = 90 15-1 20-0 _ 

5. Retina (rat) 95 5 a= — 30-0 45-0 — 

10 5 — 85 29-0 79-0 — 

7 5 — 88 29-6 94-0 — 

5 5 90 _— 30-0 68-0 — 

5 5 —— 90 29-4 89-1 = 

5 5 — 90 29-9 87-4 _ 

6. Retina (rat) in 100 — —- —_— 19-0 —_— _— 

Ringer phosphate 5 — 95 _— 19-0 — — 

0-2% glucose 5 — — 95 19-0 — — 


* For all tables: Qo, =O, uptake (yl. O,) per mg. dry weight of tissue per hr. Q@*=aerobic 
glycolysis (ul. CO, expelled from bicarbonate by acid production) per mg. dry weight of tissue 
per hr. 

+ Dixon-Keilin method. 


Some experiments have been carried out with liver in Ringer-phosphate 
solution and various O,/CO gas mixtures with absorption of CO, by caustic 
potash (10%). Special care has been taken to have the gas mixtures as free as 
possible from CO,. CO, when prepared from sulphuric acid and formic acid, was 
passed through KOH and the final gas mixtures before being passed through the 
manometer was again purified with KOH. In addition, one manometer con- 
taining the same gas mixture and fluid but no tissues was used as control and the 
pressures of the experimental manometer corrected accordingly.' 

1 A slight negative pressure in this manometer is due to the formation of potassium formate by 
KOH [Warburg & Negelein, 1928]. 
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Table III. Metabolism of liver (mouse) under the influence of CO in darkness 
Ringer bicarbonate, 0-2% glucose =R.B. or Ringer phosphate, 0-2% glucose = R.Ph. 
Vol. % of gas 


Medium co, 0, N, co Qo, G 
R.B. 5 95 — — 12-4 3-0 
5 8 87 — 4-2 5-4 

5 8 = 87 5-7 11-4 

5 20 as 75 8-5 8-3 

R.Ph. 100 — — 13-8 — 
20 80 — 10-7 — 

20 inn 80 11-1 _ 

10 90 _— 9-2 — 

10 — 90 9-1 — 


If the oxygen tensions were the same there was no inhibition of respiration in 
CO/O, compared with N,/O, (Table ITI). 

The pressure differences which have been observed by Warburg in darkness 
and in light may therefore be explained in the following way. The high pressure 
in the dark is due to complete inhibition of the Pasteur effect, whereby the 
aerobic glycolysis is increased to the figure of anaerobic glycolysis. Light reverses 
this inhibition. The Pasteur effect works again and aerobic glycolysis decreases 
to or approaches the level of aerobic glycolysis under low oxygen tension in N,. 
That this is the case may be deduced from the figures of Warburg (v. Table I) 
where a very close agreement exists between the figures in CO (light) and in 
10 % O,/N, but a great discrepancy occurs between the figures in CO (light) and 
the figures in 95 % O,. The latter should be closer to one another if there existed 
an inhibition of respiration by CO which is reversible in light. 


Table IV. Influence of light on the metabolism of different tissues 
Ringer bicarbonate, 0-2% glucose. Warburg’s differential method, d =dark, /=light. 


O/ j se 
% increase 





Vol. of gas Dark or of aerobic 
———* light 20’ glycolysis 

Material co, 0, co each Qo. Qe? in darkness 
1. Allantois 5 7 88 d 21-8 16-0 63 
(chicken) l 18-2 9-8 — 
2. Allantois 5 8 87 d 11-0 10-5 64 
(chicken) l 11-0 6-4 — 
3. Liver (mouse) 5 10 85 d 8-2 5-2 300 
l 4-5 1-2 sae 
d 4-0 3-0 220 
i 4-2 1-25 ane 
4. Liver (mouse) 5 20 75 d 8-5 8-3 565 

l 10-0 1-7 





Table IV shows this change of aerobic glycolysis in O,/CO under the influence 
of light and in Table V and Fig. 1 an experiment with liver is reported in extenso. 
Respiration is very small owing to the low oxygen tension and even becomes 
smaller with time but shows no dependence on the periods of light and darkness. 
Aerobic glycolysis, on the other hand, increases in the dark and decreases in light. 
The absolute differences are not very large but they are clearly apparent from 
the marked changes of the curve and from the manometer readings. The 
changes in each subsequent manometer reading resemble exactly those described 
by Warburg, namely less positive (or in this case, more negative) pressure in 





| 


: 
: 
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Table V. Protocol of experiment 3, Table IV 


Liver, mouse, in Ringer bicarbonate, 0-2% glucose. 10% O,, 5% CO,, 85% CO. Temp. 38°. 


Vessel I Vessel IT 
Vg «==11-53 ml. vy =11-90 ml. 
Ve = 770ml. vy, = 30m. 
Ko, = 0-576 ko, = 0-888 
Keo, = 9-871 keo, = 9-968 
20’ dark - 65 + 7-25 
20’ light — 14-25 — 1-75 
20’ dark - 40 + 4:25 
20’ light — 12-0 - 20 
Dry weight =9-53 mg. Dry weight =7-96 mg. 


% increase of 
aerobic glycolysis 









Qo, qo in darkness 
20’ dark 6-93 5-49 260 
20’ light 5-10 1-53 — 
20’ dark 4-16 3-43 210 
20’ light 3-97 1-08 ine 
* R.Q. assumed =0-75. 
8 
7 
6 
5 


Es 


2 (I) and pl. CO,"from glycolysis (II) 








Dark __Light Dark Light 
% 20 40 60 80 
— Time in minutes 








Fig. 1. Metabolism of liver (mouse) in Ringer-bicarbonate, 0-2% glucose, Warburg’s differential 
method. 10% O,, 5% CO,, 85% CO. I, pl. O, utilized per mg. dry weight of tissue; II, ul. CO, 
per mg. dry weight of tissue expelled from bicarbonate by acid production. 


light than in dark. But this change is, as Fig. 1 demonstrates, no change in 
respiration but only in glycolysis. Using 10 mg. tissue—the vessel-constants for 
CO, being between 0-8 and 1-0—an increase of 3 for Q°? increases the pressure in 
20 min. (dark) by 10 mm. The observed differences per 20 min. with and without 
light were actually of this order. 
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SUMMARY 


1. The influence of carbon monoxide on the metabolism of a variety of 
tissues (retina, allantois, chorion, liver) has been studied manometrically. 

2. The respiration was the same in O,/CO as in O,/N, gas mixtures. CO 
therefore does not seem to affect the respiration of these tissues. 

3. On the other hand, replacement of N, by CO increases aerobic glycolysis 
to the level of the anaerobic glycolysis, thus indicating a complete inhibition of 
the Pasteur effect by CO. 

4, The inhibition of the Pasteur effect by CO is partly or totally reversible 
under the influence of light, i.e. aerobic glycolysis decreases in light to its level 


in low oxygen tension. 


I wish to express my gratitude to Prof. D. Keilin for the interest he has 
taken in this work and for much helpful and critical advice. 
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THE past 30 years have seen a multitude of publications concerned with glycogen 
breakdown in anaerobically contracting muscles. Few aspects of metabolic 
activity have attracted so much attention since the days of Claude Bernard when 
it became known that the muscle glycogen, discovered by Sanson [1857], broke 
down to give lactic acid. Nevertheless, the starting material itself, the glycogen 
of the muscle, had been subjected to no critical study until Young [1937] applied 
to a number of specimens the methods previously used by Bell & Young [1934] 
during a preliminary examination of some liver glycogens. Young’s results 
failed to reveal any significant facts which might lead to the conclusion that his 
specimens were in any way different from one another or from liver glycogens. 
As Young has pointed out, it has tacitly been assumed, since their discovery, that 
the glycogens of liver and of muscle are identical, although on grounds of 
physiological function this need not be so. It therefore seemed to us of the utmost 
importance that mammalian muscle glycogen should be examined by the only 
method yet at our disposal which can yield definite, though not complete, 
information regarding the chemical structure of polysaccharides; namely, 
methylation followed by hydrolysis and examination of the cleavage-products 
by such a method as Haworth’s end-group assay. Bell & Young [1934], Bell & 
Kosterlitz [1935], Bell [1935; 1936, 1, 2] and Oakley & Young [1936] have 
accumulated, by a variety of means, evidence-that mere examination of glycogens 
with respect to such properties as rotatory power, reducing power, osmotic 
pressure of solutions or properties of acyl derivatives affords no clue as to the 
structure or magnitude of the chemical molecule. For example, the basic chemical 
molecule of the glycogen from rabbit liver can apparently exist in either of two 
magnitudes: (a) 12 glucose units [Haworth & Percival, 1932; Bell, 1935] or 
(b) 18 units [preliminary report by Haworth, 1935; Bell, 1936, 1; Haworth et al. 
1937]. Yet the superficial properties of both varieties are not significantly 
distinguishable. 

Since no preliminary data other than those compiled by Young [1937] were 
to hand, we decided, for our initial experiments in this field, to prepare a large 
sample from a single authentic source; to this end, therefore, from some 22 kg. 
of freshly dismembered horse muscle, we isolated 230 g. of polysaccharide. This, 
according to the criteria of Bell & Young, was not obviously different from 
samples of rabbit liver glycogen, nor, likewise, did the acetyl or methyl de- 
rivatives show unusual properties (cf. Table I). 


1 Abbreviation of the title of this series renders it more comprehensive. “The molecular 
structure of glycogen from the whole tissues of Mytilus edulis”’ [Bell, 1936, 2] is to be regarded as 
Part V. 
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Table I 
Organic P [«]p of [a]p of 
No. of [«lp as PO; methyl acetyl 
Source of glycogen units Reference* in H,O % derivative derivative 
Horse muscle 12 _— +197° 0-084 + 208° + 169° 
Rabbit muscle — Y 197 —_ — _ 
‘s — Y 192 0-02 — — 
Rabbit liver 12 B, 197 Nil 208 172 
i 18 c 200 Nil 210 170 
+ 12 HP _ — 209 170 
. 18 HH 188 0-10 209 170 


* Y, Young [1937]; B,, Bell [1935]; B,, Bell [1936, 1]; HP, Haworth & Percival [1932]; 
HH, Haworth et al. [1937]. 


Our muscle glycogen was purified by the acetic acid technique of Bell & 
Young and contained no inorganic phosphorus, but the organic phosphorus 
content was rather higher than we have been accustomed to find in glycogens 
purified in this manner; the amount was low, and it bore no obvious relationship 
to the chain length as determined by end-group assay. The methylated glycogen 
retained phosphorus, though in diminished amount, 0-042 % as P,O;. 

Acetylation of the muscle glycogen gave an 87-5% yield of an apparently 
homogeneous acetate, which, on simultaneous deacylation and methylation 
(12 treatments) gave an 87% yield of methylated glycogen showing no signifi- 
cant differences when compared with methylated liver glycogen. 

End-group assay, by a procedure closely resembling that of Haworth e¢ al. 
[1937], yielded 2:3:4:6-tetramethyl methylglucoside amounting to 10% of the 
starting material, thus indicating, for the methylated glycogen, a minimum 
chain length of 11-12 glucose units. In addition to 2:3:6-trimethyl methyl- 
glucoside, free from isomerides, nearly 15% of dimethyl methylglucoside, i.e. 
approximately 2 molecules per molecule of pentamethyl glucose, was found to 
compose the sole remainder of the cleavage products. The significance of the 
last fraction will be discussed below. 


Discussion 


The foregoing results show that, as far as we can at present determine, there 
seems to be no difference between this muscle glycogen and the liver glycogens 
of 12 unit chains examined by ourselves and other workers. The fact that muscle 
extracts are able to effect the same transformations using liver glycogen as 
substrate is in favour of such an idea. 

As is now well known, chemical evidence affords a picture of the “minimum 
glycogen molecule” as a chain of 12 or 18 glucopyranose units linked by 1:4-«- 
glycosidic links, thus: 









[ I 
CH,OH | l CH,OH 
H 0 | | H OH 
/ 4 | | H 
| OH 4H 
OH | | OH 
H OH H OH 
| ho or 16 
A fi. C a B 
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If this were the true structure, hydrolysis of completely methylated glycogen 
would give 

(1) from A, 1 molecule of 2:3:4:6-tetramethyl glucose ; 

(2) from B, 1 molecule of 2:3:6-trimethyl glucose and 1 molecule of methyl 
alcohol; 

(3) from C, 10 or 16 molecules of 2:3:6-trimethyl glucose, 
and no other substances. As Haworth ef al. have pointed out, it is extremely 
difficult to lay down “criteria of purity” for such a material as methylated 
glycogen and we therefore cannot be absolutely certain that the dimethyl 
glucose, first found to be a regular constituent of the hydrolysate of methylated 
glycogen by Bell [1935] and later by Haworth e¢ al. [1937], has its origin in an 
intrinsic property of the chemical molecule of the polysaccharide and does not 
arise merely as a result of incomplete methylation attendant on mechanical 
causes. Table II shows the amounts of dimethyl glucoses so far isolated from 
methylated glycogens. 


Table II 

References No. of No. of units of OMe % of methyl 
(as Table I) Source of glycogen units dimethyl sugar glycogen 
Present work Horse muscle 12 2 44-7 
B, Rabbit liver 12 2 45-4 
B, * 12 2 45-5 
B, Fish liver 12 2 45-5 
B, Rabbit liver 18 2 45-6 
B, a 18 3* 44-8 
HH a 18 1 —_— 
B,t Mytilus 18 2 45-1 


* Probably due to incomplete methylation of glycogen. + B,, Bell [1936, 2]. 
Y I y gtycog 3 


Solely on the grounds of viscosity measurements, which seem to indicate 
a “molecular weight” for glycogen enormously greater than is afforded by 
end-group assay, Staudinger & Husemann [1937, 1, 2] have suggested a macro- 
molecular structure of this type: 


CH,OR CH,OR 
O Oo 
<<< Oo o—-— == 
OR OR OR OR 
R-=chain of 12 or 18 glucose units as in Fig. 1. 
Fig. 2. 


This idea does not commend itself to us for the following reasons: 

(1) It does not explain the origin of the dimethyl glucose fraction, provided 
that the latter is significant of a property of the glycogen molecule. 

(2) Such a condition of the “central” chain of glucose units is quite unknown 
where glycosidic linkages engage positions 1, 2, 3, 4 and 6 in one unit. This 
would lead, on hydrolysis of methylated glycogen, to the liberation of 1 molecule 
of unsubstituted glucose to every 36 or 54 molecules of methyl glucoses, an 
amount not impossible of detection. So far we have failed to find any evidence 
of free glucose after hydrolysis. 

However, the acceptance or otherwise of this suggested structure must, 
at present, remain an open question. 
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weight” for glycogens and their derivatives, but determinations of their osmotic 
properties [Oakley & Young, 1936; Carter & Record, 1936] give similar results. 
In an attempt to reconcile these measurements with the results of end-group 
assay, including the occurrence of dimethyl glucose among the cleavage products 
of methylated glycogen, Haworth et al. have logically suggested a “laminated” 
structure, consisting of chains of 12 (or 18) glucose units attached to other 


Not only do viscosity measurements point to an extremely large “particle 


chains through occasional hydroxyl groups by some manner of union not as 
yet clear; possibly the links may be glycosidic in nature or they may be co- 
ordinate. Since they found 2:3-dimethyl glucose in the dimethyl fraction these 
authors have suggested the possibility of 1:6-linkage between chains, diagram- 
matically indicated below: 





CH,OH 
OH 
manatee’. 
CH,OH 
O. H 
a 
---0O Oo-—--O OH 
\ \ 
\ % 
CH,OH \\ 
Net ce onal 
oO ) 
—_ -—O o--- 


This structure is able to account for (a) lack of reducing power, and hence, 
the complete resistance to destruction by alkali evinced by glycogen; (b) the 
occurrence of dimethyl glucoses among the cleavage-products; (c) the relatively 
anomalous physical properties. 

With regard to the question as to whether the dimethyl glucose has its 
origin in mere failure to methylate unengaged hydroxyl groups or is due to 
these groups being involved in “‘cross-linkages’’ between chains, we at one 
time thought that we had been able to detect, in methylated glycogen, un- 
etherified- hydroxyl groups [Bell, 1935]. This we now consider to be erroneous. | 
Our experiments consisted in attempting to substitute such groups by either 
dichloroacetyl or by nitrate. The former method did indeed produce material : 
containing approximately the expected amount of chlorine, but we have since 
found that the results are unreproducible, and that our original product 
contained nitrogen. We therefore conclude that the presence of chlorine was 
adventitious and was due to the presence of an inseparable by-product of the 
violent reaction between the reagents used, namely, dichloroacetyl chloride and 
pyridine. This was confirmed by examination of the “nitrated” methylated 
glycogen. At the time of conducting the original experiments we were unable 
accurately to estimate small amounts of nitrate-N ; now we are able to state that 
the amount of nitrate introduced was less than 1/20th of a nitrate group per 





| 
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12 C, units—a negligible amount. We therefore withdraw the statement that we 
were able to detect free hydroxyl groups in glycogen which had been methylated 
until no rise in methoxyl content could be observed. 

We must therefore, for the time being, consider that our “‘fully methylated 
glycogens”’ are in fact fully etherified, and that the dimethyl glucose fraction in- 
variably found in the cleavage-products, is due to certain hydroxyl groups of the 
glycogen molecule being involved in some kind of inter- or intra-molecular linkage. 

In our own experience, we have come to the conclusion that the original 
formula of Fig. 1 does not fully express the properties of the unit chain of 
glycogen. Besides the invariable isolation of dimethyl glucoses (in two molecular 
proportions for every 12 or 18 unit chain) and the apparent absence of free OH 
groups from the fully methylated glycogen, we have been totally unable to 
detect the glycosidic methyl group which Fig. 1 postulates. For this examina- 
tion we employed the principle of the method of Freudenberg & Soff [1932] 
in which the glycoside is hydrolysed by aqueous acid and the liberated methyl 
alcohol passed through a Zeisel apparatus and determined as silver iodide. In 
practice, we find that the actual procedure of the original authors is unsatis- 
factory in that the dilute mineral acid employed as hydrolytic agent brings 
about a not inconsiderable liberation of methyl alcohol from ether-linked methyl 
groups of methylated sugars. The use of p-toluenesulphonic acid as hydrolytic 
agent, however, obviated this error and no silver iodide was found in the receiver 
of the apparatus, even when several g. of different methylated glycogens were 
used. Actually we were unable to obtain the theoretical values for glycosidic 
methyl in this way, but several glycosides gave 85% of the calculated values, 
and methylated sugars gave complete blanks. 

These findings are, to a certain extent, confirmatory of the structures of 
Figs. 2 and 3, but we feel that a slight modification (Fig. 4) of the suggested 
scheme of Haworth et al. would fit in better with our experience. We therefore 
suggest, with every reservation, that: 

(1) The ‘‘ beginning group” (as opposed to the “end-group”’) has its reducing 
hydroxy] intramolecularly combined as a 1:2, 1:3 or 1:6 anhydride. This would 
account for 1 molecule of dimethyl glucose among the cleavage products, for 


CH,OH 
0. oH 
---—0 
| 
CH,OH CH,OH CH,OH 
0 0 0. ,H 
= = as a= a= ae Oo Oo Qa--<+se 
oO 
v 
CH,OH 
0 
~= O= —0---- 


The above 1:2 anhydride structure is employed purely for convenience in setting out the formula. 


Fig. 4. 
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the non-reducing properties of the free polysaccharide and for the absence of 
glycosidic methyl from methylated glycogen. 

(2) One hydroxyl group in a unit-chain forms the link in a “molecular 
compound” through the residual affinity of an oxygen atom forming part of a 
cyclic ether ring belonging to another unit-chain, the anhydro-sugar unit ac- 
counting for the second molecule of dimethyl glucose. 

Cyclic ethers have long been known to form “molecular compounds”, in 
many cases, of considerable stability. Cineol behaves in this way, combining 
with phenols and also with formaldehyde and thymol [Henschke, 1905]. Bennett 
& Willis [1929] state that diethyl ether itself has been proved to exist in solution 
as a molecular compound with chloroform; and Bennett & Waine [1936] have 
shown that some simple cyclic ethers show a like tendency to form stable com- 
plexes with phenols. That true aliphatic alcohols can enter into the formation 
of molecular compounds has been found by Rheinboldt [1929] in the instance of 
cetyl alcohol, a stable compound of the alcohol with deoxycholic acid (8 mole- 
cules: 1 molecule) being formed. It must be noted, however, that a search of 
the literature has failed to reveal any instance of compound formation between 
aliphatic hydroxy-compounds and cyclic ethers, and that those anhydro-sugars 
which are at present known have not been shown to possess a tendency to form 
organic molecular compounds. 

The author wishes it to be clearly understood that this modification of the 
laminated structure is intended as a purely speculative attempt to reconcile his 
experimental data with the findings of others, and we think it appropriate to 
recall the remarks of Haworth et al. [1934] anent the structure of xylan, to the 
effect that the whole problem of the chemistry of the polysaccharides is so fraught 
with such complications, that only as a result of prolonged and intensive investi- 
gation can we hope to arrive at a true interpretation of their molecular condition. 


EXPERIMENTAL 


Isolation of muscle glycogen 


22 kg. of muscle tissue from a freshly killed horse were boiled, in large open 
pans, for 3-4 hr. with 22 1. of 40% commercial caustic soda solution. After 
allowing to cool, 22 1. of 97 % alcohol were added and the resulting dark-coloured 
precipitate allowed to settle. As much as possible of the supernatant fluid was 
decanted, and the precipitate, containing much sodium carbonate, collected by 
filtration on a Biichner funnel, well drained and washed with alcohol. The solid 
was stirred up with 41. of water and acidified with acetic acid; a dark precipitate 
formed, which was allowed to settle and was then easily filtered off, the crude 
glycogen being obtained from the filtrate by precipitation by an equal volume 
of 97% alcohol. The precipitate was washed three times by decantation with 
several litres of 60°% alcohol. Some protein was still present. To remove this 
the solid was dissolved in water and dilute hydrochloric acid added until no 
more precipitate formed. By passing the fluid twice through the Sharples centri- 
fuge the protein precipitate was completely removed, and the glycogen was 
isolated by addition of an equal volume of 97% alcohol. The crude material 
was then dissolved in 30° KOH solution and the whole heated on the boiling 
water-bath for 3 hr. Isolation was effected by alcoholic precipitation; further 
purification was then carried out by the acetic acid technique of Bell & Young 
[1934]; yield, 230 g. In order further to purify the glycogen it was precipitated 
by 80% acetic acid three more times; it then displayed the following properties: 
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[a]p in water, +197-5° ([=2: c=0-61). Reducing-power (Macleod-Robison) 
1-4 (glucose = 100). Phosphate (as P): inorganic, nil; organic, 0-05%. Colour 
with iodine: red-brown. 

Acetylation. 50 g. of glycogen were acetylated by the technique of Haworth & 
Percival [1932]; yield 77 g. (87-5%); [«]p in chloroform, +169-2° (1=2; c=2). 
Found: COCH,;, 45-0%. Fractional precipitation failed to effect any kind of 
detectable separation into fractions. 

Methylation. 76g. of the above acetate were simultaneously deacetylated 
and methylated by Haworth & Percival’s procedure. After 12 treatments the 
methoxyl content was 44-7 % and no increase was found on further treatment. 
The material was purified by dissolving in cold water and then heating the 
solution; the methylated glycogen separated as an insoluble mass. This process 
was repeated, then the crude material was dissolved in chloroform and the 
solution dehydrated over sodium sulphate. The solvent was distilled off and the 
residue dissolved in acetone and precipitated by petroleum (B.P. 60-80°), the 
process being repeated thrice. After distilling off the solvent from an acetone 
solution, the methylated glycogen was obtained as a colourless, friable solid; 
yield 47 g. (87%): [«]p in chloroform, + 208° (/=2: c=4-4); in water, +207° 
(l=2: c=2). P: inorganic, nil; organic, 0-018 %. 

Hydrolysis of methylated glycogen. 30 g. of the above material were hydrolysed 
by the method of Bell [1935]. Polarimetric observation showed that the reaction 
was complete in 2-5 hr. The cleavage products were isolated as in the above 
paper, and were converted into the mixed methyl glucopyranosides by boiling 
with methyl alcohol containing 1% of hydrogen chloride. After neutralization 
of the acid by solid barium carbonate, the alcohol was distilled off, the residue 
extracted with acetone, the solvent distilled off from the acetone extract and 
the residue extracted with hot chloroform. The residue from the chloroform was 
distilled at 0-05 mm. from a Claisen flask into a flask fitted with a special 
fractionating column, until the nj} of the distillate was 1-4560 indicating that 
trimethyl methylglucoside was distilling over. The scheme of the fractionation 
at 0-05 mm. is represented on p. 1690. 


Fraction B was pure pentamethyl glucose 
Fraction C contained 1/10 pentamethyl glucose 








Total tetramethyl methylglucoside 2-903 
5% correction for losses 0-145 
3-048 
Fraction C contained 9/10 tetramethyl glucose* 1-382 
Fraction I was pure tetramethyl glucose 12-015 
Fractions H and I were pure tetramethyl glucose 3-113 
Fraction J contained 4/5 tetramethyl glucose* 5-360 
Total trimethyl] methylglucoside 21-870 

Fraction J contained 1/5 trimethyl glucose* 1-34 
Fraction K was pure trimethyl glucose 3-392 
Total dimethyl methylglucoside 4-732 


* Calculated from methoxyl content and refractive index. 


The amounts of the above fractions correspond to a chain length for this 
glycogen, of 11-12 units, and for the presence of 2 “potential” hydroxyl groups 
which are not etherifiable and which manifest themselves as dimethyl glucose on 
cleavage of the methylated glycogen. 
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MIXED GLUCOSIDES B.P. 106-110° 







Fraction A. 5-035 g. 
[Refractionated ] 


Fraction B. 2-750 g.; OMe, 61-9% 





¥ 5 
n a , 1-4445 


B.P. 108-110° 





last drop, 1-4465 
Fraction C. 1-535 g.; OMe, 53-2% 


Residues united ni®, 1-4540 
with those from A 

and refractionated 

Fraction D. 18-816 g.; OMe, 50-9% 

[Refractionated] 

B.P. 128-130° 









BE: 





17° 


D? 


B.P. 170-175° last drop, 1-4580 


n 





Fraction G. 12-015 g.; OMe, 52-7% 






1” 3.4F 
Fraction E. 3-781 g. ny» 1 4572 


n'®, 1-4695 


»? 






last drop, 1-4585 





last drop, 1-4740 






Residue from G united with E and F 
and the whole boiled for 5 hr. with 
MeOH containing 1% HCl. The acid 
was neutralized with Ag,CO,, the 
solid filtered off and the solution 
evaporated. The residue was dis- 
solved in 100ml. CHCl, and ex- 
tracted 6 times with 20:ml. lots of H,O 


Both extract and water layer were 
ae / taken to dryness 
Extract Water layer, united with residue 
from fraction I 


B.P. 128-135° B.P. 140° 
Fraction H. 1-623 g.; OMe, 52-4% Fraction J. 6-700 g.; OMe, 50-2% 





Fraction F. 1-65 g. distilled from a small 
Claisen flask [B.P. 150—-180°] 

ni, , 1-4740 

last drop, 1-4795 


















ni, 1-4585 ni", 1-4640, 
-P. 135-150° last drop, 1-4585 B.P. 150-170° _ last drop, 1-4720 
Fraction I. 1-490 g.; OMe, 52-5% Fraction K. 3-392 g.; OMe, 41:9% 
n'"; 1-4595 n™", 1-4765 
last drop, 1-4602 last drop, 1-4790 
Residue weighed 0-2 g. 
The tetramethyl methylglucoside was identified as derived from 2:3:4:6- 
tetramethyl glucose, aqueous acid hydrolysis yielding the crystalline sugar, 


M.P. 95-98° alone or mixed with authentic material. In the same way, the 
trimethyl methylglucoside was shown to be the 2:3:6-trimethyl derivative, 
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crystals of the free sugar melting at 115-117° alone or mixed with authentic 
material. The dimethyl methylglucoside fraction will be investigated. 

Careful examination of the cleavage products failed to reveal any evidence 
of trimethyl glucoses other than the 2:3:6-derivative, and no traces of mono- 
methyl or free glucose itself could be detected. 


SUMMARY 


1. Purified horse muscle glycogen has been studied for the first time by the 
“end-group” assay method. The results show that the polysaccharide is built 
up of chains of 11-12 glucose units, and its properties do not distinguish it from 
12-unit liver glycogens so far examined. 

2. The significance of the occurrence of dimethyl glucoses among the cleavage 
products is discussed with a view to suggesting a reason for the aggregation of 
the relatively small ‘‘unit-chains” into large particles. 

3. The evidence leading to a previous statement [Bell, 1935] that free 
hydroxyl groups (free, in the sense that they could be esterified) had been 
detected in fully methylated glycogen, has been shown to be unsound. The 
aforesaid statement is therefore withdrawn. 


The author desires to thank Sir F. G. Hopkins for his encouragement, and 
also the members of the Technical Staff of this laboratory, whose co-operation 
made the work possible. Due acknowledgement is also made to the Medical 
Research Council for a grant which partly defrayed expenses. 
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CCXII. TYRAMINE OXIDASE 


By HENRY IRVING KOHN 
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(Received 26 July 1937) 


WE owe our present knowledge of tyramine oxidase to M. L. C. Bernheim. In 
her first paper [Hare, 1928], she reported that cell-free extracts of the livers of 
the rat, sheep, pig, ox, and dog oxidize tyramine (p-hydroxyphenylethylamine). 
A detailed study on the rabbit’s liver showed that one atom of oxygen is 
consumed and half a molecule of ammonia is released. The oxidase is not 
inhibited by cyanide and cannot reduce methylene blue, and qualitative 
evidence was presented that hydrogen peroxide is formed during the reaction. 
In a second paper, using guinea pig liver, Bernheim [1931] reported that the 
number of atoms of oxygen consumed varies from one to four, depending upon 
the pH of the medium and the age and concentration of the extract. In the 
presence of cyanide only one atom is used. 

On the other hand, Ewins & Laidlaw [1910] showed that orally administered 
tyramine can be partially recovered in the urine as the corresponding aromatic 
acetic acid (dog, 25%) and that about 70% equivalent acid can be recovered in 
the perfusion of the liver (cat and rabbit), although they failed to obtain an acid 
production with chopped liver. Bernheim [1931], however, showed in the case 
of pig liver that this was due to a lack of aeration. 

From the foregoing it is certain that tyramine is converted into p-hydroxy- 
phenylacetic acid by the liver, and that this involves an oxidase system. How- 
ever, the exact nature of the reaction catalysed by tyramine oxidase is not quite 
clear. In this paper we shall show that there is a system which brings about the 
reaction: 


OH.C,H,.CH,.CH,.NH, + H,0 +0, -> OH.C,H,.CH,.CHO + H,0, +NH, 


and for the present we shall specifically reserve the term tyramine oxidase for this 
system, although perhaps amine oxidase would be more descriptive, as will be 
seen later. No doubt the further oxidation of the above aldehyde, possibly by 
Schardinger enzyme or aldehyde mutase, gives rise to the acid in question. 

It will be observed that this reaction is a perfect example of the Wieland type 
of oxidation, involving hydration and peroxide formation, although a suitable 
acceptor to replace oxygen is not yet known. Furthermore, it is analogous to 
the reaction of d-amino-acid deaminase in which the non-terminal amino-group 
is removed and the corresponding ketone formed [Krebs, 1933; 1935]. However, 
Keilin & Hartree [1936, 1] have shown that the dimethylamino-group is not 
attacked by the deaminase, while tyramine oxidase does oxidize at least one 
tertiary amine. The relationship of ‘adrenaline oxidase” to tyramine oxidase 
will be considered later. 

Concerning the physiological significance of tyramine oxidase, nothing can 
be said at present. It is of interest, however, that Heinsen [1936] reports the 
formation of tyramine from tyrosine by the pancreas. Also, of the substrates 
tested, tyramine seems to be the most “suitable” for the enzyme. 
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PREPARATION 

Tyramine oxidase is insoluble (or is associated with insoluble material), but 
it can form a rather stable suspension in the range of pH 7-8. The suspension 
is easily precipitated by making the reaction acid to methyl red. These facts 
allow the enzyme to be concentrated and, to a certain extent, freed from 
extraneous material. 

Attempts were made to employ other precipitating agents, such as ammonium 
sulphate and alcohol, to extract fat etc., but these were unsuccessful. As the 
washing proceeds, and particularly once the enzyme has been ‘‘released”’ by 
grinding with sand, it becomes very much more fragile. Thus the final product 
is more or less completely inactivated by precipitation with ammonium 
sulphate, alcohol, or acetone, or by precipitation resulting from dialysis against 
tap water. Also, drying the precipitate completely inactivates it, as does 
several minutes of boiling. 

Preparation. 450 g. of pig liver were minced in a Latapie mincer, suspended in 1-5 times their 
volume of tap water,! and squeezed through muslin. The resulting suspension was made up to 
4 times its volume with tap water and allowed to stand for about three-quarters of an hour during 
which the insoluble material settled out. The top layer of liquid was sucked off, and the insoluble 
material centrifuged out of the bottom layer (c. 800 ml.). The precipitate thus collected was 
washed (suspended, then centrifuged out) once with 800 ml. of tap water, twice with 800 ml. of 
0-9° NaCl, and once with 800 ml. of 0-1 M, pH 7-7, phosphate buffer. The final weight was 85 g. 
These were ground in a mortar with an equal volume of sand for about 5 min., then extracted with 
800 ml. of 0-03 M, pH 7-7, phosphate buffer. After centrifuging, the extract was precipitated by 
gradually adding normal acetic acid until the reaction was on the acid side of methyl red (colour, 
reddish orange). After centrifuging briskly, 27-5 g. of precipitate (dry weight=8-5%) were 
obtained; these were quickly made up to 100 ml. in 0-3 M, pH 7-7, phosphate buffer. Generally the 
Qo, (ul. O, per hr. per mg. dry weight) of such a preparation, when saturated with tyramine is 
between 8 and 14 at 39°. The dry weight may be as low as 5%. The enzyme solution will keep 
for 4~7 days if stored in the ice chest. At first the blank is negligible, but it increases with time, 
and sometimes, when it is large, its subtraction from the experimental rate leads to a negative 
instead of a zero rate at the end of the reaction. 

Brei may also be used to demonstrate tyramine oxidase. That prepared by mincing liver with 
the Latapie, when mixed with buffer, consists of a suspension of cells or small clumps of cells. 
In 2 ml. of Ringer-phosphate, at c. pH 7-3, T =39°, 0-5 g. has a Qo, of about 4-5. 


We shall define the number of enzyme units E.U. as equal to grams dry weight 
multiplied by Qo, (39°). According to the brei experiments, which most likely 
set the lower limit, an ordinary pig liver weighing about 3 lb. contains something 
like 1800 £.vu. The preparation already described in detail yielded 2-3 g. dry 
weight of Q, 10, or 23 £.v. from 1 Ib., a yield of about 5°%. Two sources of loss 
in the method of preparation are (1) squeezing through muslin eliminates a 
considerable amount of coarse material, (2) precipitation with acetic acid reduces 
the activity by about 30%. 


PROPERTIES OF TYRAMINE OXIDASE 


(a) Method 


Unless otherwise stated, all experiments detailed below were performed at 
38-5-39° in air, using enzyme solution prepared as described above. The gas 
measurements were made with the Barcroft differential manometer, the total 
volume of material in each vessel being equal. The right-hand vessel contained 
2-5 ml. of enzyme solution and 0-3 ml. of 15% KOH in the inset. Tyramine 


1 It is preferable, though not necessary, that cold (5-10°) solutions be used throughout. 
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(1-3 mg.) dissolved in about 0-2 ml. of water was added at zero time from a Keilin 
dangling cup. The left-hand vessel contained an equivalent amount of buffer 
and KOH. A separate manometer was employed to determine the blank (oxygen 
consumption in absence of tyramine) which was subtracted from the consump- 
tion of the tyramine-containing sample. 


(b) Oxygen consumption 


In view of Bernheim’s statements concerning the effect of age, concentration, 
and pH on the number of equivalents of oxygen consumed, the preparation was 
tested with respect to these factors, and the oxygen consumption was found to 
be largely independent of them and equal to 1 atom per molecule of tyramine. 
Curves illustrating the one atom uptake may be seen in Figs. 3 and 4. 
Sometimes the total consumption exceeds the theoretical, but in all such cases 
the course of oxygen uptake can be divided into two parts, an initial rapid phase 
involving about one atom, and a second very slow phase involving the extra 
amount. On the other hand, if too much tyramine per enzyme is present, an 
uptake of less than the theoretical will result. This most likely is due to the 
inhibitory effect of the reaction product [Hare, 1928]. 

As the pH is decreased, the rate of tyramine oxidation decreases. The 
theoretical yield can still be obtained at pH 6-3, the rate being only about 40% 
of that at pH 7-7 (when stored overnight). The results at pH 5-3 are obviously 
of a different nature. Tyramine at this pH is oxidized, but initially at only about 
5% of the standard rate. Furthermore, the course of the oxidation is different, 
practically stopping at about one-third of an equivalent. The blank respiration 
behaves in just the opposite way, increasing fairly rapidly on the acid side of 
neutrality, the rate at pH 5-3 being about three times that at pH 7-7; this 
indicates the fundamental difference between the blank and the tyramine systems. 


(c) Inhibitors and carriers 


Cyanide has no effect upon the oxidation of tyramine, even at a concentration 
of 0-01_.M (neutralized) but it may be used to reduce the blank and to inhibit 
the extra oxidation which makes the oxygen-tyramine ratio too high. Also, 
neither hydroxylamine nor iodoacetic acid (0-01 M neutralized) inhibits the 
reaction, but 0-01_M hydrazine hydrate (neutralized) inhibits about 30% as 
does 4% ethyl urethane. 

As already noted, the oxidase system exhibits the properties of a thermo- 
labile protein. Furthermore, dialysis (which should be made against buffer) does 
not decrease its activity, so that it probably comprises only a protein component. 
This does not react with methylene blue. 


(d) Oxygen tension 


The rate of oxidation is proportional to the oxygen tension (Fig. 1, dotted 
circles), the increase in going from air to oxygen being generally 200-250%. 
This behaviour is in marked contrast to that of the Warburg-Keilin system 
which in vivo is certainly saturated below 10%. 

For comparison, some experiments were made with xanthine oxidase pre- 
pared from milk by precipitation with ammonium sulphate [Dixon & Kodama, 
1926]. The right-hand flasks contained 2-5 ml. of 8% enzyme solution (pH 7-7) 
to which there was added 0-1 ml. of strong catalase solution. The catalase 
protects the oxidase from the peroxide formed during the course of the reaction. 
The Keilin cup contained 1 mg. of hypoxanthine dissolved in 0-3 ml. of 0-02 M 
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soda. The left-hand vessel contained only enzyme and catalase. The temperature 
was 38-5°. The series shown in Fig. 1 (solid circles) indicates that the enzyme is 
saturated at about 20% oxygen, thus placing it between tyramine oxidase and 


thine oxidase 


Xar 


Relative rate of oxidation 
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Fig. 1. Relative rate of oxidation as a function of oxygen tension. Dotted circles are for tyramine 
oxidase, solid for xanthine oxidase. 
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Fig. 2. Relative rate of oxidation as a function of the concentration of tyramine. 
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the Warburg-Keilin system. If methylene blue (1 x 10-° M) is present, the rate 
of oxidation in air is increased by 35%, and in 15% oxygen by 60%. In the 
latter case the methylene blue remains in the reduced state, indicating that the 
factor limiting the increase in rate is the velocity of methylene blue oxidation 
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(e) Tyramine concentration 


Fig. 2 shows the relationship between rate of oxygen consumption and 
tyramine concentration, based on three separate experiments. For each experi- 
ment a smooth curve was drawn through the graphed data in order to determine 
the limiting value of the rate. This was then set equal to 100 and the values of 
the rates at lower concentrations recalculated relative to it. The basic data for 
any particular concentration were obtained as follows. At zero minutes the 
Keilin cup was dislodged, and thereafter the course of the oxidation was 
followed as closely as possible. The rate, of course, decreases with time, but 
from the data the initial maximum rate can be estimated. This can be done 
accurately at high concentrations, but when the concentration is below 0-001 M 
the determination is rather inaccurate, since the total oxidation is small and the 
rate is changing very rapidly. At the lowest concentrations it was necessary to 
use 5 or 7 ml. of solution in the vessels. 

In Fig. 2 the two lowest points (solid circles) are probably too low. Never- 
theless, although the points in this region scatter somewhat, they fix the con- 
centration for 50% of maximum rate between 0-4 and 0-7 x 10-* M, and the 
smooth curve places it as 0-5x10-* M. As for the saturating concentrations, 
these clearly lie at and above 2-5 x 10-3 M. The 50% concentration for amino- 
acid oxidase (tested with dl-alanine) is 5 x 10-* M [Keilin & Hartree, 1936, 1). 


THE REACTION PRODUCTS 
(a) Ammonia 


That the tyramine is deaminated, one molecule of ammonia being released 
for one equivalent of oxygen consumed, is shown by the following experiment. 

Three manometers were used, and at zero time their respective enzyme 
solutions received (a) zero, (b) 1-77, (c) 3-00 mg. of tyramine. The net tyramine 
oxygen consumption was at 20 min. (6) 147 wl., (c) 154 yl. and at 65 min. 
(6) 156 pl., (c) 248 ul. Just after 65 min. the reactions in (a), (b) and (c) were 
stopped by the addition of 1 ml. of 20% trichloroacetic acid and the solutions 
removed from the vessels, which were washed out with 2 ml. of distilled water. 
The solutions were then neutralized by adding 1-1 ml. of NV NaOH and filtered. 
A sample (about 5 ml.) of the clear filtrate was distilled under reduced pressure 
at room temperature by steam in the Parnas apparatus. The distillate, received 
in enough HCl, was made up to 25 ml. Samples of the latter were nesslerized, 
and their colour was compared to standards which contained equivalent amounts 
of the blank. The results were as follows. To (b) there were added 1-77 mg. of 
tyramine, which consumed 1-07 atoms of oxygen and formed 1-01 molecules of 
ammonia per molecule of tyramine. To (c) there were added 3 mg. of tyramine, 
which consumed 1-02 atoms of oxygen and formed 1-00 molecule of ammonia. 


(6) Peroxide 


In order to demonstrate the production of peroxide, enzymic methods in- 
volving coupled oxidations were resorted to; it is not possible to eliminate the 
catalase activity of the tyramine oxidase preparations, so that very fast 
reactions must be used to catch the peroxide. The most successful one, which 
gave a theoretical yield of H,O, and which was used by Hare for qualitative 
detection of H,O,, consisted in adding peroxidase. 

In Fig. 3 there is shown the influence of adding various amounts of horse- 
radish peroxidase. The theory of the experiment is as follows. If peroxide is 
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formed, the catalase present will decompose it into water and oxygen. However, 
in the presence of peroxidase and a suitable substrate, the peroxide will be used 
in an oxidation; hence, its oxygen will not be released and the net oxygen uptake 
will increase by an amount equivalent to the peroxide formed. The Qo, of the 
tyramine oxidase preparation was about 15, and there were 40 mg. (dry weight) 
of it in 2-5 ml. of solution. For this quantity of enzyme acting on 0-78 mg. of 
tyramine, something less than 0-1 P.v.1 is sufficient to double the oxygen uptake. 
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Fig. 3. Increase in total oxygen consumption due to presence of peroxidase, indicating peroxide 
formation. 


We are therefore led to the conclusion that peroxide is formed. This signifies 
that actually one molecule of oxygen is used per molecule of tyramine oxidized, 
but that owing to the decomposition of a product (peroxide) it appears as if only 
1 atom of oxygen is necessary. 

The question arises as to what is the substrate of the coupled peroxidase 
reaction ; the evidence suggests that it is tyramine? or its initial oxidation product. 
(1) Dialysis of the enzyme preparation does not prevent the reaction. (2) When 
tyramine is added to peroxidase and peroxide, the solution turns yellow owing 
to oxidation of the tyramine. The addition of peroxidase and peroxide to the 
enzyme solution causes no colour change. At the end of the coupled oxidation, 
however, the enzyme solution is darker. 

Keilin & Hartree [1936, 2] have shown that alcohol is oxidized to acet- 
aldehyde by the hydrogen peroxide produced during the course of certain enzyme 

' The Purpurogallinzahl or P.z. is equal to the number of mg. of fpurpurogallin formed in 


5 min. at 20° by 1 mg. of dry enzyme. The number of peroxidase units or P.U.=g. dry weight x P.z. 
* Probably the ring portion of the molecule. 
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reactions. Since the tyramine oxidase preparation contains catalase, only the 
addition of alcohol should be necessary to test for peroxide formation. Fig. 4 
shows that adding 8 mg. of alcohol almost doubles the oxygen consumption. 
At the end of this e xperiment the potash papers of the 8 mg. and 2 mg. vessels 
were definitely yellow, indicating, as Keilin & Hartree [1936, 2] had found, that 
the acetalde shyde formed had distilled over and had undergone a condensation. 
The 0-35 mg. paper was only tinged, while the 0-Omg. paper was colourless. 


2 Atoms 





0 30 60 90 120 150 
Minutes 


Fig. 4. Increase in total oxygen consumption due to the addition of 0-0, 0-35, 2-0 and 8-0 mg. of 
alcohol, and of 8 mg. of alcohol plus 28 y (haemin content) of catalase. 


The uppermost curve in Fig. 4 shows that the addition of an amount of 
catalase whose haemin content was 28y does not further increase the extra 
oxygen consumption due to 8 mg. of alcohol. The potash paper turned yellow in 
this experiment. In other experiments it was found that the addition of catalase 
by itself would increase the oxygen uptake, 30y (haemin content) causing an 
increase of 70°% . In these cases the potash papers never became coloured, showing 
that contamination of the catalase by alcohol (used in its preparation) was not 
the cause. This also showed how thoroughly the catalase had been dialysed. The 
substrate for this reaction is therefore in the tyramine oxidase solution and may 
be the tyramine or its oxidation product. As a matter of fact, Raper [1932] has 
shown that tyramine is oxidized by peroxide in the presence of ferrous sulphate 
to a catechol compound. 


(c) Aldehyde 


There are two lines of evidence that lead to the conclusion that an aldehyde 
is formed when tyramine is oxidized. In the first place, aldehyde formation can 
be detected manometrically on adding Schardinger enzyme which increases the 
oxygen consumption up to 75%. Secondly, a precipitate was obtained when the 
reaction mixture, cleared of protein with trichloroacetic acid, was poured into a 
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cold saturated solution of 2:4-dinitrophenylhydrazine in 2N HCl and allowed to 
stand on ice for 1 hr. After washing with 2N HCl, water and several drops of 
alcohol and ether, a 20% yield was obtained. 


(d) Discussion 


The fact that Bernheim [1931] obtained an oxygen consumption of more than 
one equivalent in certain cases is in no way contradictory of the present results. 
Her preparations, consisting of liver ground with sand, must contain, in addition 
to substrates, Schardinger enzyme, aldehyde mutase and other enzymes. 
Furthermore, haemoglobin is present which is oxidized to methaemoglobin by 
nascent peroxide [Bernheim & Michel, 1937], as well as the intracellular 
haematins which can function like peroxidases. 


SPECIFICITY 
(a) Hordenine 


Hordenine p-OH.C,H,.CH,.CH,.N(CH,), is the tertiary amine corre- 
sponding to tyramine, and its maximum initial rate of oxidation is about 75 % 
of that of the latter. However, the stoichiometrical relationships obtained with 
hordenine are not good ; when, for example, 1-85, 4-64, and 11-2 mg. were added 
to 2-5 ml. samples of oxidase, the number of atoms of oxygen consumed per 
molecule of hordenine were respectively 1-19, 0-65, 0-36. In general it may be 
said that small quantities of hordenine consume one equivalent of oxygen, but 
large ones consume less. 
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Fig. 5. Relative rate of hordenine oxidation as a function of hordenine concentration. 


Fig. 5 shows the relationship between rate of oxidation and concentration, 
based on two experiments (dotted circles and crossed circles). In each case the 
rate at 1-9 x 10-3 WM (solid circle) was taken for unity, and the individual points 
were determined as in the case of tyramine. The curve which is rather stretched 
out places the half-saturating concentration at about 5x 10-* MW. This is ten 
times that for tyramine, and consequently the affinity constant is only one-tenth 
as great. 
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Evidence that tyramine and hordenine are oxidized by the same enzyme can 
be obtained from competition experiments, as illustrated by Fig. 6. The argu- 
ment is as follows. If two enzymes are involved, the rate of oxidation of tyramine 
and hordenine added simultaneously to oxidase solution should equal the sum 
of their rates of oxidation determined separately. On the other hand, if only one 
enzyme is involved (and if approximately saturating concentrations of the 
substrates are used), then the sum of the individual rates should be greater. 
The theory rests upon the assumption that if two enzyme systems are involved, 
their reactions can proceed without mutual interference, a condition not always 
fulfilled [cf. Keilin & Hartree, 1936, 1, p. 130]. 





0 5 10 15 20 100 200 
Minutes 


Fig. 6. Competition between tyramine and hordenine for tyramine oxidase. 


The evidence of the competition experiments definitely favours the view 
that only one enzyme is involved. Fig. 6 illustrates such an experiment; curve | 
is for tyramine alone and curve 3 for a seven times greater concentration of 
hordenine alone. Curve 4 describes the reaction when the tyramine and hordenine 
of 1 and 3 are added together; the resulting rate is not the sum but the average of 
the individual rates. Curve 2 describes the reaction when equimolar amounts 
of tyramine and hordenine are added together. In this case, the rate is almost 
exactly that for tyramine alone (curve 1), which is to be expected as a result of 
the difference in the affinity constants. 
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(6b) Adrenaline 


Blaschko & Schlossmann [1936, 1, 2] have reported that adrenaline 
3:4-(OH),C,H,.CH(OH).CH,.NH(CH,) is oxidatively inactivated by extracts 
of rat liver in the presence of 10-* M HCN. More recently, together with Richter, 
they have found “adrenaline oxidase” in mammalian intestine and kidney 
[1937, 1] and have noted the oxidation of related compounds [1937, 2]. During 
the course of my work Dr Blaschko informed me that his preparations oxidized 
tyramine, and in order to learn whether one system was responsible for both 
oxidations, Dr H. Schlossmann and I performed a number of experiments on 
my oxidase preparations. These experiments are in agreement with unpublished 
data and conclusions of Blaschko, Schlossmann & Richter, and the reader is 
referred to their forthcoming paper for a discussion of them and of related 


.matters of specificity. 
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Fig. 7. Relative rate of adrenaline oxidation as a function of adrenaline concentration. 
Fig. 8. Competition between adrenaline and tyramine for tyramine oxidase. 7’ =5 x 10-? MV 


tyramine; A =5 x 10-? M adrenaline. 


The experiments were carried out at 38°, pH 7-1, in an atmosphere of 
oxygen. In order to inhibit the autoxidation of adrenaline, 2 mg. of glutathione 
(in a total reaction volume of 2 ml.) were added as well as cyanide (10-* .W). The 
substrates used were neutralized. KOH containing cyanide was present in the 
inset. 

(1) Before attempting an inhibition experiment, it was necessary to 
determine the relationship between rate and adrenaline concentration. Fig. 7 
shows the curve obtained ; evidently 5 x 10-? WV fails to saturate, and the “50%” 
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concentration must lie above 1-5x10-* M. This is about 4 times that of 
hordenine and 40 times that of tyramine. 

(2) Fig. 8 shows the competition for oxidase between tyramine and adrenaline. 
Curve 7’ has an initial Qo, of 26 and represents the oxidation of 1-4 mg. of 
tyramine, the initial concentration being 5x 10-? MW. Curve A represents the 
oxidation of 19 mg. of adrenaline, the initial concentration being 5 x 10-2 M, 
and has an initial Q of 9. Curve 4+T results from the simultaneous oxidation 
of 1-4 mg. of tyramine and 19 mg. of adrenaline, the initial Qo, being 19-5. 

Two conclusions follow from these results. First, the tyramine oxidase can 
oxidize adrenaline in contradiction to the statement of Hare [1928], but the low 
value of the affinity constant argues against this reaction being of physiological 
importance. Thus even assuming as high an adrenaline concentration as 
10-* M, the enzyme would be working at less than 1 % of its optimum rate at 
substrate saturation. Furthermore, other compounds are much better substrates 
for the oxidase. Second, the existence of a separate adrenaline oxidase is ren- 
dered unlikely; presumably it is tyramine oxidase. 


(c) Other substrates 


Two other substrates were tested. B-Phenylethylamine is oxidized as was 
also shown by Hare, no doubt to the corresponding aldehyde as indicated by 
the hyacinth-like smell of the reaction mixture and the uptake of about one 
atom of oxygen. Low concentrations (3-8 x 10-+ M) are oxidized more rapidly 
than higher ones and almost as rapidly as tyramine. isoAmylamine is also 
oxidized; when small amounts at low enough concentrations are used (0-5 mg., 
1-15 x 10-3 M) about one equivalent of oxygen is consumed, at a rate equal to 
perhaps 50% of the tyramine maximum. 


(d) Discussion 


From the foregoing it follows that tyramine oxidase can oxidize primary 
(tyramine), secondary (adrenaline), and tertiary (hordenine) amines. It also 
seems likely that the phenolic nature of the ring is not necessary (8-phenyl- 
ethylamine), or even the ring itself (isoamylamine). In this connexion it is of 
interest that Blaschko et al. [1937, 2] have reported that adrenaline oxidase 
oxidizes primary and secondary amines, and that the ring need not possess OH 
groups. Also, Pugh & Quastel [1937] have found that isoamylamine is oxidized 
by brain and liver, the oxidation product giving a precipitate when treated with 
2:4-dinitrophenylhydrazine. 

SUMMARY 

1. Details for the preparation of tyramine oxidase from pig’s liver are given. 
No coenzyme is required. It is shown that the enzyme catalyses the following 
reaction : 

OH.C,H,.CH,.CH,.NH, +H,0 +0, > OH.C,H,.CH,.CHO +H,0, +NHg. 


acid nor hydroxylamine inhibits the reaction (cone. =10~? /). 

3. The relative rates of oxidation in 5, 21 and 100% oxygen are 0-4, 1 and 
3 respectively. Those for xanthine oxidase are 0-7, 1 and 1-2. 

4. The specificity of the enzyme seems to be chiefly concerned with the 
amino-group. Competition experiments show that the one enzyme attacks 
primary (tyramine), secondary (adrenaline), and tertiary (hordenine) amines. 
It probably also attacks aliphatic amines (isopropylamine). 


2. Methylene blue cannot replace oxygen. Neither cyanide nor iodoacetic 
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5. The half-saturating concentrations are: tyramine 5 x 10-* MW, hordenine 
5x10-° M and adrenaline 1-5x 10-2 M. This indicates that the oxidation of 
adrenaline is not of physiological importance. 

6. From the similarity in their properties, it appears that adrenaline 
oxidase and tyramine oxidase are the same. 


In conclusion, I wish to express my thanks to Prof. D. Keilin, who sug- 
gested the problem to me, for his hospitality during my stay at the Molteno 
Institute. 
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Note added 24 September 1937. Since the completion of this paper, Philpot [1937], has 
reported upon the oxidation of tyramine by liver slices and extracts. The source of the liver 
was not stated. She found one atom of oxygen per molecule of tyramine with slices, and 
two atoms with extracts, contrary to Hare-Bernheim. In each case she found 80-90% of the 
expected ammonia. She observed a large increase in the total oxygen consumed upon adding 
alcohol, concluding that peroxide is formed. Philpot does not believe xanthine oxidase to be 
responsible for the consumption of the second atom of oxygen, which is accompanied by the 
formation of a small amount of p-hydroxyphenylacetic acid. She obtained a precipitate with 
2:4-dinitrophenylhydrazine after the uptake of either one or two atoms. She also made the 
important observation that o-bromophenolindophenol and o-cresolindophenol are reduced only 
in the presence of tyramine and estimates the potential of the system to lie between -— 0-046 
and +0-195v. 
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THE atoms of each element taken up with the food or by the respiration process 
have an average time which they spend in the body. Hevesy & Hofer [1934] 
measured the average time a water molecule spends in the human body by using 
deuterium as indicator and found it to be about a fortnight. 

To determine the average time phosphorus spends in the animal body! we 
administered the labelled (radioactive) phosphorus,” as sodium phosphate, to 
a rabbit by subcutaneous injection. The labelled phosphorus was prepared from 
sulphur by neutron bombardment. Its weight was negligible compared with 
that of the inorganic phosphorus contained in the plasma, so the normal con- 
ditions prevailing in the latter were not influenced by the rapid absorption of 
the radioactive phosphorus injected. It has been shown recently by Scott & 
Cook [1937] that administration of radioactive phosphorus (as phosphate) gives 
rise to some marked effects upon the constituents of the blood of birds. The 
preparations applied by them were, however, enormously more active than those 
used by us in this investigation and also in our former researches. In applying 
radioelements as indicators in biology it is of the greatest importance to use 
preparations of such limited strength that the effect of the radiation on the 
organism is negligible. The use of such weak preparations is much facilitated by 
using very sensitive measuring instruments such as Geiger counters [for experi- 
mental procedure, v. Chiewitz & Hevesy, 1937]. 

To administer the phosphorus by injection and not per os has the advantage 
that no account need be taken of the phosphorus which does not get absorbed. 
To arrive at the figure for the average time which absorbed phosphorus spends 
in the body, we collected faeces and urine for 27 days and determined the amount 
of active phosphorus present in these. After the lapse of 27 days we killed the 
animal and determined the remaining active phosphorus in the different organs 
of the animal. We found the following figures for the distribution of the active 


phosphorus. ae ee 3 
Table I. Distribution of the active phosphorus 





Weight % of active 
(g-) phosphorus found 

Urine 2400 45-0) pa 
Faeces (dry) 650 inst = 
Skin 327 1-98 
Liver 96 1-71 | 
Blood (calculated) 250 0-74 | 
Intestinal content 172 0-28 | 43-4 
Kidney 13-2 0-14 
Brain 8-9 0-087 
Residual body 2508 38-5 


1 The results of similar experiments carried out on human subjects will be published soon. 
2 The half life period of the radioactive phosphorus isotope used was 14-5 days. 
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As seen from the above figures, after the lapse of 27 days more than half of 
the phosphorus given has been eliminated. By making use of the data in 
Table III we can calculate that half of the active phosphorus atoms given, and 
correspondingly of all phosphorus atoms absorbed, are eliminated after the 
lapse of 20 days. By dividing the last figure by log, 2 we get 30 days for the 
average time a phosphorus atom spends in the body. 

The comparatively long average time of a fortnight spent by a water mole- 
cule in the body was explained by the fact that the water taken is diluted by the 
large amount of water present in the body; in consequence the probability of a 
molecule leaving the body within a few days is much reduced. Not only does 
the organism of a human ‘subject contain about 60 % of water but in the course 
of the metabolism new water molecules are produced; furthermore some of the 
hydrogen atoms present will exchange their places with other hydrogen atoms 
present in certain organic compounds such as proteins [Krogh & Ussing, 1936] and 
other compounds [Schénheimer & Rittenberg, 1935], the chief effect of dilution 
of the individual water molecules taken being, however, due to the water content 
of the body. The water taken daily becomes diluted roughly 20-fold. 

In the case of phosphorus also, the long average life of the atoms taken with 
food is due to dilution of the phosphorus atoms taken by those present in the 
organism. We found 14 g. of phosphorus in the body of the rabbit in question, 
its average daily phosphorus intake, calculated from the daily excretion, being 
0-270 g. If all the phosphorus atoms present in the body of the rabbit could enter 
into exchange processes with those taken with food, i.e. if they could all take part 
in diluting the latter, we should expect an even longer average life of the atoms 
of phosphorus than that actually found. We must therefore conclude that an 
appreciable part of the phosphorus present in the organism of the rabbit is 
protected from entering into exchange processes with the phosphorus atoms 

taken with food within 27 days. 

In view both of the great prevalence of bone phosphorus in the organism 
and of the structure of bones it seemed almost certain that it is the bone phos- 
phorus which only exchanges toa restricted extent even during a period of a month 
with the blood phosphorus. That this is actually the case is seen from Table II, 
which contains the ratio of normal phosphorus to radioactive phosphorus. The 
former was measured by the colorimetric titration method of Fiske & Subbarow, 
after bringing the organ in question into solution, while the radioactive phos- 
phorus content was determined by means of a Geiger counter. 


Table IT 
Active P 


- , taking body average 
Normal P = . si 


Whole 
body Femur Tibia 


(average) Skin Liver Blood Kidney Brain Muscles head average 
1-0 — 2-20 2-43 2-72 1-58 2-67 0-43 0-26 


The ratio of total phosphorus to active phosphorus in an average sample of 
the rabbit was arbitrarily taken as unity. The mixture was obtained by mincing 
a vertical half of the whole rabbit after removing the skin and the brain. Table I 
shows that bones contain less radioactive phosphorus per mg. P than the average 
mince, while all the other organs, especially the kidneys, the muscles and also 
the liver, contain appreciably more. As to the bones we investigated both the 
average tibia and the head of the femur. The fact that the latter, an epiphyseal 
bone, was found by us, in numerous cases of rabbits, cats, rats and other animals, 
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to contain much more active phosphorus per mg. normal phosphorus than the 
diaphysis gives us a clue to the understanding of the great difference between 
the active phosphorus content of the bone phosphorus and that of other 
organs. An exchange of phosphorus between the atoms present in the blood 
and those present in the bones can only take place when proper contact is made. 
This contact is much better in the epiphyseal bones than in the diaphyseal bones, 
since the former are rich in organic matter, through which the constituents of 
the blood stream can penetrate comparatively easily. The organic constituents 
and water amount in the epiphysis to about 50° and in the diaphysis only to 
about 30%. Should the morphological methods for some reason fail, we can 
easily decide to what extent a bone is diaphysic or epiphysic by determining 
the relative distribution of active phosphorus in the different parts of the bone 
in question. Thus the total phosphorus present in the head of the femur still 
contains only 1/6 of the active phosphorus present in a similar amount of 
normal muscle phosphorus. If we assume that a full exchange equilibrium is 
reached between the active and total phosphorus in the latter case it follows 
that only about 1/10 of the average bone phosphorus actually underwent 
exchange and that 9/10 of the phosphorus atoms of the bone calcium phosphate 
were not released within a month by other phosphorus atoms present in the 
circulation. In other words that 9/10, on an average, of the bones are protected 
against exchange for at least a month’s time. If, as is possible, an excharnye 
equilibrium has not yet been reached between the radioactive and the normal 
phosphorus atoms in the muscle the above figure of 9/10 would be even larger. 
To follow up this point is of great interest as it may give new information on the 
constitution of the bone tissue. 

The fact that the ratio of active phosphorus to normal phosphorus is practi- 
cally the same for the blood phosphorusand for example kidney phosphorus makes 
it probable that an exchange equilibrium between the active and the normal 
phosphorus is obtained, but a certain caution in interpreting this result is 
necessary. We have, it must be remembered, to deal with the distribution of 
active phosphorus between different phases and a number of different chemical 
compounds and it is therefore not impossible that the agreement mentioned 
above may be fortuitous. As to the imperfect equilibrium between normal and 
radioactive phosphorus in the bone and in the blood, two possible extreme cases 
have to be envisaged : (a) a further interpenetration of the bone tissue would not 
take place after a longer time, (6) interpenetration occurs to an extent pro- 
portionate to the time of the experiment. Some information on this question 
can be obtained in following up the excretion of phosphorus. 


Conclusions drawn from excretion data 


The active phosphorus travels from the plasma into the different organs; if 
equipartition of the active phosphorus between the blood plasma and the 
different organs is obtained a further loss of active phosphorus can only occur 
through the kidneys and the bowels. If the actual loss in the plasma phosphorus 
happens to be greater than that found in the excrements, the “missing” active 
phosphorus must be looked for in the organs. Large blood samples could not 
be taken from the experimental animals, and small samples contain only small 
amounts of phosphorus whose activity is correspondingly minute. So instead 
of following up the change of the activity of the phosphorus of the blood plasma 
we investigated that of the urine phosphorus. In so doing we made the assump- 
tion that the ratio of active to normal phosphorus in the urine cannot differ 
much from the corresponding ratio for the plasma. As is seen in Table IV, after 
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Table III 
% of active phosphorus given to the rabbit present in 
Time A — 
in days Urine Faeces Total excretion 
3 22-62 2-58 25-20 
+ 2:91 0-75 3-66 
8 4:97 1-84 6-81 
9 2-47 0-46 2-93 
13 4-31 1-47 5:78 
14 0-87 0-37 1-24 
18 3-55 1-61 5:16 
19 0-79 0-40 1-19 
24 2-18 1-70 3-88 
25 0-33 0-34 0-67 
Table IV 
% of active phosphorus present 
Time at the time in question in the body 
in days found in 1 mg. urine phosphorus 
4 0-0217 
9 0-0186 
14 0-0143 
19 0-0102 
21 0-0076 


4 days we found, per mg. urine phosphorus, 0-0217 % of the total activity present 
at the time in the rabbit. If, for example, between the fourth and the ninth day, 
the blood had only lost active phosphorus by excretion, the urine should have 
contained on the ninth day again 0-0217 % of the activity present at the time 
in the rabbit, which latter can be computed from the excretion data. 

It can, however, be seen in Table IV that the latter figure is appreciably 
less, namely 0-0186%. The difference between the value calculated and that 
found can only be due to a further uptake of active phosphorus atoms from the 
blood by the bone phosphate and by a corresponding uptake by the blood of 
inactive phosphorus atoms from the bone phosphate. In view of the great 
preponderance of the bone phosphorus in the body no conclusions can be 
drawn, if a corresponding further uptake takes place between blood phosphorus 
and e.g. muscle phosphorus simultaneously with the above-mentioned process. 
It can, however, be concluded from the figures in Table IV that an intense 
uptake (exchange) of active phosphorus atoms by those parts of the bone tissue, 
which have not till then taken part in such a process, still goes on after the lapse 
of 21 days. 

Some information on exchange processes in the muscle can be obtained from 
the following experiment, carried out 12 days after administering the active 
phosphorus. A muscle sample was taken and the inorganic phosphorus was 
precipitated from one portion and the inorganic phosphorus+the phosphagen 
phosphorus from the other. Both the phosphorus contents and the activities 
of the two samples were then determined. The ratio of the normal phosphorus 
content of the two samples determined by the colorimetric method was 4, while 
the ratio of the active phosphorus contents was only 2, showing that in the 
phosphagen sample the equilibrium between the active inorganic and the active 
phosphagen phosphorus had not yet been reached. Equipartition of the active 
phosphorus between plasma phosphorus and the inorganic muscle phosphorus 
was, however, already reached after 12 days. As explained already we deter- 
mined the ratio of active phosphorus to normal phosphorus in the urine and 
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assumed that a similar value can be used for the corresponding ratio in the blood 
plasma. The figures obtained were 0-013 and 0-012 % respectively of the active 
phosphorus administered per mg. of normal phosphorus present (as inorganic 
phosphorus) in the muscle and the urine (plasma) respectively. 


SUMMARY 


The distribution of radioactive *phosphorus administered to a rabbit was 
investigated. It was found that within 27 days 45% of the phosphorus given 
was excreted through the kidneys and 11-5 °% through the bowels. The average 
time a phosphorus atom spends in the body was found to be 30 days. The ratio 
between active and normal phosphorus was found to be highest in the kidney, 
in the muscles and in the liver, and lowest in the bones, especially in the dia- 
physis. 

It is probable that in the course of 27 days an equipartition of the active 
phosphorus between the muscles and the blood takes place while about 9/10 of the 
bone phosphate is protected against the influx of the active phosphorus. It could, 
however, be shown by following up the ratio of the active phosphorus to normal 
phosphorus in the urine that an exchange of the phosphorus atoms present in 
the bones and in the blood, and thus an atomic rejuvenation of the bones to a 
further extent, is still going on after the lapse of 21 days. Since the active phos- 
phorus shows the same chemical behaviour as normal phosphorus, the conclusions 
arrived at apply to all the phosphorus taken up with the food. 


The radioactive phosphorus used in our experiments was prepared from 
sulphur by the action of neutrons emitted by a radium-beryllium mixture, 
kindly put at our disposal by Prof. Niels Bohr. We would like to express our 
best thanks to Prof. Niels Bohr for his kind interest in this work and to Miss 
Hilde Levi and to Mr Rebbe for their assistance. 
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In previous studies [Rosenthal, 1935] on the metabolism of surviving rat liver 
the question arose as to the extent to which the great differences in the respiration 
of liver tissues of individual rats are due to differences in the amount of “‘re- 
spiration ferment” (indophenol oxidase-cytochrome system). 

Measurement of the speed of oxidation of p-phenylenediamine—the direct 
determination of the amount of indophenol oxidase—does not give satisfactory 
results in the case of tissue slices. The autoxidation of the base interferes with 
the accuracy of the measurement; furthermore, the precipitate of dyestuff 
which is formed on the surface of the slices seems to injure the tissue. On the 
other hand, the measurement of the oxidation of succinate by tissue slices 
provides a suitable method for the determination of the minimum amount of 
indophenol oxidase in the organ, since succinate is oxidized by molecular O, 
through the indophenol oxidase-cytochrome system. 

The speed of succinate oxidation by slices of rat liver is extremely high, 
much higher than one might expect from the results of Krebs [1933], Edson 
[1936] and Califano [1937]. The speed of this oxidation exceeds the speed of the 
oxidation of other substrates by several hundred % and remains at this level 
for a long period of time. There is relatively little fluctuation in the values 
obtained from different livers. 

In the present paper the conditions under which the maximum speed of 
succinate oxidation can be’ measured in slices of rat liver will be shown. The 
values for the amount of “respiration ferment” in different livers obtained by 
this method will be compared with the values of the respiration with and 
without addition of other substrates. 


EXPERIMENTAL 
(a) The manometric method 


Oxygen consumption was measured by the manometric method of Warburg 
[1930]. The measurement started 12 min. after placing the manometers in the 
thermostat (37-5°). (Qo,)a@ indicates the O, uptake during the first 20 min. or 
during that part of the first hour of the experiment in which the respiration is 
constant. (Qo,)6 indicates the average O, uptake during the second hour. In the 
tables the (Q6,.)6 values are not included -+ut the quotient (b—a/a) x 100 is 
given in order to show the percentage change in the respiration between the 
initial period and the second hour of the experiment. 
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Respiration measurements were carried out by both the indirect and the 
direct methods of Warburg. For the indirect method, box-shaped vessels of 
about 10 ml. volume, containing 1-5 and 3-5 ml. of suspension medium, were 
used ; the gas space was filled with O, containing 5% CO,. For the direct method, 
sometimes similar vessels with side bulb were used, and sometimes conical 
vessels of about 18 ml. volume with inner tube and side bulb. 2 ml. of suspension 
medium were used, the vessel was filled with pure O, and the side bulb or the 
inner tube contained 0-2 ml. KOH solution for absorption of CO,. Sugar-free 
Ringer solution was used as suspension medium. For the indirect method the 
medium contained 2-6 x 10-2 M bicarbonate (Warburg’s “Ringer solution for 
glycolysis”), and for the direct method 3x10-* WM bicarbonate (“Ringer 
solution for respiration”). Other media used in the direct method are mentioned 
in section (c). The results given below for experiments with added succinate were 
all obtained by the direct method. The values calculated from the indirect 
method fluctuated irregularly and a very large apparent acid disappearance 
was found, which was evidently due to some unsuitability in the method, since 
succinate is oxidized only as far as the fumarate-malate step [Elliott et al. 1937]. 
Probably the requirements for a correct calculation of the respiration by the 
indirect method—equal conditions of substrate concentration and O, provision 
in the two vessels with different fluid volumes—could not be fulfilled, although 
the amounts of tissue used were as low as possible and increase in the rate of 
shaking did not increase the O, uptake. However, to measure the succinate 
oxidation in the higher bicarbonate medium, it was sufficient to use only one 
manometer with the smaller amount of medium, since all other metabolic 
processes which could produce pressure changes are negligible compared with 
the succinate oxidation. The pressure changes observed in such a medium without 
CO, absorption by KOH are practically exactly the same as in a parallel experi- 
ment with the ordinary direct method, with CO, adsorption, for the same time 
and with the same weight of tissue. 





(6) Concentration of succinate and thickness of slices 


Even in the presence of .W/50 succinate the rate of O, uptake is so high (see 
Table I) that an optimum oxygen supply is uncertain in the case of slices of the 
usual thickness. In fact a considerable variation of the Qo, values was found 
among different samples of the same liver. ‘ 


Table I. Influence of succinate concentration on the rate 
of succinate oxidation 


Succinate molarity 
x 10-° 0 0-1 2 4 
> 


—(Qo,)4 No. 1 6-2 14/1 52 
z No. 2 5-0 — 59: 


From Warburg’s formula for the limiting permissible thickness of slices 
(d’), the following relationship between Qp, and d’ values can be calculated: 
Qo, = — 50, d’=0-2 mm.; Qo, = — 100, d’=0-15 mm. ; Qo, = — 200, d’=0-105 mm. 
The thickness (d) of the slices usually varied between 0-15 and 0-20 mm. This 
means that d was not below the limiting value for Qp, values higher than 50. 

The d’ and d values indicated here are calculated for a wet weight /dry weight 
ratio of 3-3, although this ratio, valid for fresh liver, is higher for slices in saline 
solution because of swelling and loss of weight. However, the value 3-3 was 
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preferred since it is practically a constant in healthy animals, and since Krogh’s 
diffusion coefficient of oxygen, the basis of Warburg’s formula, is calculated for 
fresh and not for swollen tissue. Moreover, most of the error in the calculation 
of the d values is caused by the loss of weight during the manometric measure- 
ment and will be compensated for since the corresponding Qo, values are 
calculated for the same dry weight which may be too low by about 30% [ef. 
Elliott et al. 1937]. 

For the determination of the optimum succinate concentration slices thinner 
than 0-15 mm. were chosen. A representative experiment can be seen in 
Table I, no. 2. The thickness of the slices was 0-12 mm. Small variations of 
succinate concentration in the neighbourhood of M/25 did not affect the rate of 
O, uptake and, since it was not possible to have reasonably isotonic salt solutions 
of much greater succinate concentration than this, M/25 succinate solution was 
used in the following investigations. 

Decreasing the thickness of the slices below 0-12 mm. does not increase the 
rate of oxidation to a significant extent. Examples are given in Table II. As 


Table II. Influence of the thickness of slices on the rate 
of succinate oxidation 


No. of d Ad AQ Ye 
Group exp. (mm.) —(Qo,)a % % Remarks 
d>0-106 9 0-122 85-2 = ae Mean 
d<0-106 8 0-089 96-3 -27 +13) values 
Exp. 9 of Table III = 0-110 103 — - 
— 0-067 119 — 40 +15 


it was impossible to choose slices of the same liver in such a manner that a large 
range of thickness below 0-15 mm. could be covered, the average values for the 
respiration of thin and thick slices in 17 experiments were calculated. The mean 
values for all the experiments were: d=0-106; Qo, = —90. In 9 experiments d 
was higher and in 8 experiments lower than 0-106. On an average, a decrease in 
thickness of 27% below 0-12 increases the rate of oxidation by only 13%. 
The single experiment of Table II in which a great variation of the thickness 
occurred confirms this conclusion. Thus a thickness of slice of about 0-12 mm. 
and a succinate concentration of M/25 are suitable for the determination of the 
maximum speed of succinate oxidation. 


(c) Buffering 


Ringer solution “for respiration”, which contains a small amount of bicar- 
bonate, can be used for the measurement of the rate of succinate oxidation by 
the direct method over short experimental periods. The absorption of CO, by 
the KOH causes a steady conversion of the bicarbonate in the medium into 
carbonate. With larger amounts of tissue slices the carbonate is neutralized 
by small amounts of acid produced by the tissue. With the small amounts of 
tissue which have to be used for estimating succinate oxidation on account of 
the very rapid O, uptake, not enough acid bodies are formed and the reaction 
of the medium becomes alkaline. As a result the succinate oxidation rate falls 
off rapidly in the second hour even though such high concentrations of succinate 
are present that the succinate concentration is inappreciably affected by the 
amount used up. In a bicarbonate-free, 17/25 succinate Ringer solution neutra- 
lized with NaOH to 7-3—7-4, the respiration remains constant for 2 hr. In most 
of the experiments quoted in Table III this medium proved to be a sufficient 
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Table III. Comparison of the rates of spontaneous respiration 
and succinate oxidation in rat liver 








oO S 
No addition + M/25 succinate 
et a 7 ee Qos 
b -afat d b -al/at S-O/O0 
No. Diet* —(Qo,)4@ % mm. —(Qo,)4 % % Remarkst 
Group I 
1 £. 10-1 —21 0-104 84-0 + 5 + 731 
2 f. 8-36 — 22 _ 0-096 71-0 +18 + 749 — 
3 f. 10-4 — 25 0-114 75-5 0-5 + 626 r 
4 st. 12 9-25 -19 0-078 129-0 30 +1292 - 
5 st. 12 7-41 -18 0-123 72-0 ( —36) + 875 - 
6 st. 24 8-05 — 29 0-146 72-5 10 + 801 — 
7 st. 24 7-63 -40 0-109 78-9 — 4 + 936 - 
8 st. 24 10-9 10 0-116 110-0 3 + 910 -- 
9 st. 23 103 ’ - 32 : __ 0-110 103-0 ( —45) + 900 — 
Average 9-13 —24 0-111 88-4 — 3§ + 869 
Group II 
10 f. 6-71 —16 0-084 79-6 -10 + 1080 P 
ll st. 12 3°63 - 43 0-137 84-5 5 + 2220 — 
12 st. 20 4-35 — 30 0-080 100-0 -1] +2180 P 
13 st. 46 5-91 —61 0-081 104-0 ( —54) + 1660 — 
14 st. 60 6-41 — 58 0-123 74:3 - 2 + 1060 
15 st. 48 5-04 67 0-120 91-0 -17 +1705 - 
16 st. 53 3-96 —-47 0-086 97-5 -13 +2100 P 
17 st. 60 2-43 - 26 0-106 105-0 ( —52) +4220 — 
Average 4-58 44 0-101 92-0 —10§ +2080 


* f.=well-fed animals; st.=starved animals. The figures indicate the period of .starvation 
in hours. 

+ b-a/a=percentage difference between the O, uptake rate in the second hour and the 
initial period. 

t In experiments marked P, the medium was Ringer-phosphate solution. See section (c). 

§ In calculating averages the figures in brackets were neglected since in these cases the pH 
had changed considerably. See section (c). 


buffer system. In some experiments, however, the speed decreased during the 
second hour of experiment and the pH was found to be increased. Possibly, the 
NaOH solution used for the neutralization of the succinic acid was not free from 
bicarbonate. The b—a/a values of these experiments are enclosed in brackets. 
In the experiments marked by a P, Ringer-phosphate solution of pH 7-4 
[Dickens & Simer, 1930], was used. The values are the same as in the bicarbonate- 
free Ringer solution. The respiration is also constant in the high bicarbonate-CO, 
buffer measured without CO, absorption, and its rate is the same as with the 
media used for the direct method. This shows that neither phosphate nor 
bicarbonate, as such, influences the succinate oxidation, and it is only the main- 
tenance of the optimum pH, about 7-4, which is of importance. 


(d) Stability of succinic oxidase 


If the O, uptake is measured on a slice which has been respiring for 30-60 min. 
without substrate before succinate is tipped into the vessel from a side bulb, the 
rate of succinate oxidation is always about 30°, lower than in control slices 
which were kept in succinate solution from the beginning. Obviously, succinate 
protects the succinic oxidase against spontaneous inactivation. Analogous 
phenomena are known for many enzyme systems. Therefore only experiments in 
which succinate was present from the start are quoted in Table III. 
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RESULTS 


If the rates of succinate oxidation of different livers are measured under 
the conditions described, the fluctuation of the values is considerably less than 
in the case of the oxidation of other substrates. 

In Table III the rate of succinate oxidation is compared with the rate of 
respiration without addition of substrate (spontaneous respiration). In 9 experi- 
ments the Qo, values without added substrate were greater than 7 (group I). 
The mean value is 9-13. The decrease of the respiration rate (b—a)/a amounts 
to 24% on an average. In 8 experiments the Qo, values without added substrate 
were lower than 7 (group II). In the latter group the average value for respiration 
is half as high as in the former group and the average decrease of the respiration 
twice as high. However, the average rate of O, uptake in the presence of 
succinate is the same in both groups, and there is little decrease in the rate with 
either group. 

Most of the animals of group II were starved for different lengths of 
time. Therefore low values of the spontaneous respiration could be due to a 
deficiency of substrates, and it might be expected that the variations in the 
liver respiration would always disappear after addition of other substrates, as 
was the case after the addition of succinate. However, Meyerhof & Lohmann 
| 1926] have shown that the oxidation of lactate and pyruvate by liver tissue is 
diminished after rather long periods of starvation. Mongiu [1934] found an t 
analogous phenomenon in the case of acetate oxidation. 

In order to demonstrate the particular behaviour of succinate, the respiration 
of livers of well-fed and starved rats was also studied in the presence of other 


ce 


Table IV. Influence of nutrition on respiration processes 
in rat liver. Mean values 


ee nn 


Experiments in which 








O S S-0/0> 20% 
No addition With addition — 
No. -—— - ~ —__—_—__— ~ Qos No. Of 
of b-« a b-aja S-O/O* of of S -0/OF 
Date exp. -(@o,)@ % Substrate —(Qo,)a@ % % exp. exp. % 

f. 16 10-1 4 | — = —- ~ -- aa 
st. 12-27 lo 7-19 28 : : a ; 
st. 36-60 24 5°70 -39 - - — — —_ 

f. 5 9-89 — 32 Lactate 34 + 10 0 0 + 0 
st. 12-26 5 8-05 ~— 23 —39 + 46 3 60 + 86 ) 
st. 36-60 10 6-16 - 36 -41 + 16 4 40 + 47 

ec 2 9-23 —21 Pyruvate - 5 + 30 2 100 + 30 
st. 12-24 4 8-60 — 25 — 45 + 13 3 75 + 30 
st. 48-60 5 5-99 —50 — 50 + 6 1 20 + 65 

f 2 10-0 — 25 Glycero- — 37 + 45 1 50 + 81 
st. 12-24 5 7-52 —33 phosphate —47 + 78 5 100 + 201 
st. 48-60 5 4-42 52 —49 + 105 5 100 + 112 

. 4 8-89 —21 Succinate 77-5 + 3 + 772 4 100 + 796 
st. 12-24 8 7-69 28 92-7 -1] +1110 8 100 + 1264 
st. 48-60 5 4-75 —52 94-5 -1l +1890 5 100 + 2149 


* Calculated from the mean Qo, values in O and § given in the table. 
+ Average of the S-0/O values of those experiments in which S —-O'O was greater than 20%. 


substrates. These experiments are shown in Table IV. In the case of the spon- 
taneous respiration and of pyruvate and lactate oxidation, some of the measure- 
ments were carried out with the indirect method and some with the direct 
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method. The results of both methods are the same. For glycerophosphate! only 
results obtained by the indirect method are given, since in experiments carried 
out by the direct method in a bicarbonate-free medium the values were lower. 
In addition to the mean value for the increase of the respiration by substrates 
(S—O/O x 100), Table IV also shows the number of experiments in which the 
increase exceeds 20% and the average increase in these experiments. This 
arrangement allows one to judge whether the mean values for all experiments 
may be considered as typical; for differences of the Qo, Values below 20% may 
be found occasionally among samples of the same liver. 

From the figures in Table IV it can be seen that the speed of succinate 
oxidation is to some extent higher in starved liver than in the liver of well-fed 
animals, possibly because of a lessening of substrate competition by starvation. 
The oxidation of the other substrates shows a similar behaviour. However, with 
substrates other than succinate the increase in the speed of oxidation of starved 
liver is usually less regular showing a maximum when the starvation period is 
short and a lessening in magnitude or regularity after longer periods of starvation. 
Furthermore, only succinate is able to prevent the decrease in respiration 
which normally occurs over the 2 hr. experimental period. The following details 
about the action of the various substrates may be mentioned. 

Lactate (M/50) does not increase the respiration of the liver of well-fed 
animals, but it may be metabolized. This is indicated by the fact that in experi- 
ments carried out by the indirect method the quotient Q./Qo,’ is always 
decreased. Bach & Holmes [1937] found that respiration increases more fre- 
quently if /33 lactate is used. However, in starvation liver no significant 
differences in the effects of M/50 and M/33 lactate were found. After rather 
long periods of starvation, the increase of the respiration is smaller and less 
regular and the quotient Qs| Qo, is diminished only during the initial period of 
the experiment. The latter fact may suggest that the metabolizing of lactate 
stops very soon in starved liver. That not the fat content of the liver but the 
time of starvation is the decisive factor has been shown in a previous paper 
[Rosenthal, 1936]. 

Pyruvate (M/100—M/50), in general, increases respiration in the livers of well- 
fed animals or animals starved for short periods. After longer periods of star- 
vation, the respiration is sometimes diminished, and the quotient Y:/Vo, 
increased. Elliott ef al. [1937] have also observed occasional lowering of re- 
spiration in the presence of pyruvate and, at the same time, an increase in 
R.Q. They suggest that pyruvate may act as a hydrogen acceptor in place of 
oxygen. It seems to me that a lowering of respiration will occur under these 
conditions if the oxidation of lactate, formed by the reduction of pyruvate, 
decreases as in the case of starved liver. 

B-Glycerophosphate (M/100-—M/50) is the substrate most similar to succinate 
in so far as it increases respiration quite regularly and exerts a relatively strong 
action even after rather long periods of starvation. It differs from succinate in 
that it produces the maximum increases of respiration after short periods of 
starvation and lacks the ability of succinate to maintain the speed of oxidation 
for 2 hr. 

In summary it can be said that while the speed of the oxidation of some 
substances by liver tissue can be changed by starving the animals, the speed of 

1 Sodium glycerophosphate, crystalline, Fraenkel and Landau. 

2 Respiration CO, plus CO, liberated by acid formation/O, uptake. A diminution of the 
quotient indicates a removal of acids (or an inhibition of the formation of acids) provided that the 
R.Q. and the ammonia production do not change considerably 
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succinate oxidation is not influenced by starvation. This fact proves that 
starvation does not affect the oxidase-cytochrome system of the cell, and it 
suggests that determination of the rate of succinate oxidation, when measured 
under optimum conditions, would be a useful method for detecting whether 
changes in the respiration of surviving tissues are due to changes in the oxygen- 
activating system. 









Discussion 











(1) Measurement of the maximum rate of succinate oxidation by tissue 
slices should provide an estimate of the respiratory ferment activity of which the 
cells are capable under the conditions under which studies of the metabolism 
of surviving tissue and the oxidation of metabolites are commonly made. It 
is necessary, however, to deviate from these conditions to some extent, since, 
on account of the high rate of succinate oxidation, the slices used have to be of 
a thinness at which, according to Quastel & Wheatley [1934] and Druckrey 
[1935], only incomplete oxidation of other metabolites occurs and the respiration 
ceases after a short time. This disadvantage of extra thin slices is presumably 
due to the more rapid washing out of diffusible constituents of enzyme systems, 
such as coenzymes. The succinic oxidase system, however, contains no such 
diffusible components and its activity remains constant and indeed it shows its 
fullest activity in the very thin slices since the competition of other activated 
substrates for the respiratory ferment is lessened. It might be expected that 
greater damage to the cell structure would render the thin slices unsuitable as 
material for comparison with the slices of usual thickness used in metabolism 
studies. Quastel [1932] first showed that the succinate oxidation of muscle is 
much decreased after grinding with sand. Preliminary experiments have shown 
that the same applies to liver. The O, uptake rate of a thin slice of liver with 
succinate was measured. The slice was then ground with quartz sand, cooled in 
ice, resuspended in succinate-Ringer solution and the O, uptake measured. 
The rate was only about 10% of that of the intact slice. The O, uptake rates 
of portions of the same sample of tissue, ground with varying thoroughness, 
were found to be smaller the fewer cells could be recognized microscopically ; 
but even a cell-rich suspension was less active than a thin slice. 

Presumably destruction of the cell structure leads to a separation of the 
various components of the succinic oxidase system and so to a “dilution effect” 
such as Krebs [1935] has described and discussed for reactions of higher order.! 
However, since the succinate oxidation is actually more constant with the thin 
slices than is ever found with other enzyme-containing extracts or suspensions, 
it is evident that washing-out effects are not disturbing the measurements, and 
the activity is so high that the cell destruction effects must be comparatively 
small. It seems therefore justifiable to assume that results obtained with the 
extra thin slices represent the approximate maximum succinate-oxidizing 
ability of the tissue under nearly physiological conditions. 

(2) Comparison of the oxidations of succinate and other substrates has led 
+o the conclusion that the modifications of tissue respiration in starved animals 
are not caused by alterations of the oxidase-cytochrome system. It is necessary 
therefore to seek alterations in other enzymes or their components, and the 














































1 According to the figures given by Potter & Elvehjem [1936] this appears to be true also for 
liver preparations which were “homogenized”’ in a way which would cause less cell destruction. 
However, Elliott (private communication) has found that liver, homogenized by the method of 
Potter & Elvehjem, shows just as high succinate-oxidizing intensity as do thin slices, provided 
that the conditions are made favourable. 
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possibility of changes in the coenzyme content of the tissue suggests itself. The 
oxidations of lactate and pyruvate, which were particularly influenced by 
starvation, are dependent on the presence of coenzymes. The necessity for the 
participation of cozymase in the oxidation of lactate has been shown by the 
investigations of Ogston & Green [1935] as well as by those of Euler & Alder 
[1936]. The metabolism of pyruvate leads, in addition to lactate, to substances 
such as fumarate and malate,’ all of which need coenzymes for their oxidation 
[Green & Brosteaux, 1936; Banga & Szent-Gyérgi, 1937]. The oxidation of 
B-glycerophosphate was less influenced by starvation than was that of lactate 
and pyruvate. According to Meyerhof [1919], 8-glycerophosphate, like succinate, 
can be oxidized by washed muscle preparations and liver granules. Obviously, 
then, this oxidation? does not need a coenzyme. However, as Meyerhof showed, 
the oxidation is incomplete. On the other hand, according to Euler et al. [1937], 
the carrying of hydrogen from «-glycerophosphate to pyruvate by muscle 
extract requires the aid of cozymase. This reaction could initiate a further 
breakdown of the substance. Perhaps, in liver tissue an analogous way of 
metabolizing B-glycerophosphate may be feasible in addition to its oxidation 
without the aid of coenzymes. Such a way is suggested by the fact that in 
livers in which lactate strongly increases respiration, the intensity and the course 
of lactate and glycerophosphate oxidation are identical. These two ways of 
oxidation would explain the intermediate position of the oxidation of glycero- 
phosphate. 

The succinate oxidation is distinguished not only by its independence of the 
state of nutrition of the animal but also by the constancy of its speed. Perhaps 
the falling off of other oxidations is due to the instability of their coenzymes. 
Thus, Euler & Giinther [1936] have reported that cozymase is destroyed by 
liver slices. In the case of glycerophosphate oxidation an inhibition by de- 
rivatives may also be responsible to some extent. For instance, 3-phospho- 
glyceric acid inhibits the respiration of starved liver (unpublished experiments), 
and Green [1936] found an inhibition of «-glycerophosphate dehydrogenase by 
phosphoglyceric acid. 

(3) The estimation of succinate oxidation is here suggested as a method 
for obtaining a minimum estimate of the oxidase-cytochrome system. But, as 
far as can be judged from estimations of indophenol oxidase (p-phenylene- 
diamine oxidation) and succinic oxidase activity in heart and liver preparations 
[Ogston & Green, 1935], the amounts of the two do not differ greatly. If this is 
true, the estimation of the rate of succinate oxidation is to be preferred to that 
of p-phenylenediamine since succinate is a physiological substance which can 
be used with slices, and the use of slices is to be preferred for a direct comparison 
of cell respiration and oxidase content. Ogston & Green found that the O, 
uptake of sand-ground liver with p-phenylenediamine corresponded to about 
Qo, = —10, and concluded that the oxidase content of liver was sufficient to 
activate all the O, necessary for the total respiration. But the figures for suc- 
cinate oxidation rates by slices, given in this paper, show that liver tissue 
contains a considerable excess of the oxidase-cytochrome system, so that the 
respiration rate of the liver must be limited not by a scarcity of “respiratory 
ferment” but by the amount of activated substrates. How far this situation 
applies to other tissues and whether the rate of succinate oxidation can be used 
generally as a measure of the “‘respiratory enzyme” content of cells remain to 
be studied. 

1 See e.g. Elliott & Schroeder [1934], Krebs [1936]. 
2 Like the oxidation of «-glycerophosphate, according to Ogston & Green [1935]. 
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SUMMARY 


The determination of the intensity of succinate oxidation by liver slices is 
suggested as a method for estimating the amount of the oxidase-cytochrome 
system (respiration ferment) in the cell in order to elucidate the factors which 
cause the great differences in the respiration of the liver tissues of individual 
rats. The conditions for the measurement of the maximum speed of succinate 
oxidation are described and the following results obtained. 

(1) The intensity of succinate oxidation by liver slices when measured under 
optimum conditions exceeds the intensity of other respiration processes by nearly 
1000 %. The speed is constant for about 2 hr. The fluctuation of the values 
obtained from different livers is relatively small. 

(2) Although the intensity of spontaneous respiration and the oxidation of 
lactate and pyruvate by liver slices are decreased in starved animals, the 
intensity of succinate oxidation is not influenced by starvation. The oxidation 
of glycerophosphate appears to be quite similar to that of succinate. It is 
inferred from this that starvation does not affect oxidation processes by de- 
creasing the amount of respiration ferment in the cell. It is suggested that a 
decrease in the concentration of coenzymes in the cell may be responsible since 
the oxidations of lactate and pyruvate, in contrast to the oxidations of succinate 
and glycerophosphate, are known to require coenzymes. 


I am greatly indebted to Prof. G. C. Heringa and Dr Ellice McDonald for 
their constant support throughout this work. I wish to express my thanks to 
Dr K. A. C. Elliott and Dr Z. Baker for their help in the preparation of the 
manuscript. 
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CCXV. A SIMPLE METHOD OF VOLUMETRIC 
ANALYSIS FOR SMALL QUANTITIES OF 
FLUID: ESTIMATION OF CHLORIDE 
IN 0-3 yl. OF TISSUE FLUID 
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(Received 21 July 1937) 


In recent years many quantitative methods of analysis for small amounts of 
fluid have been devised ; notably by Richards and his colleagues for studies on 
the glomerular filtrate in the kidne »y [Westfall et al. 1934] and by Linderstrom- 
Lang & Holter [1931 ; 1935] for enzyme studies on single cells. The only advantage 
of the method here described lies in its simplicity. 

In the colorimetric estimation of pH in the body fluids of insects [Wiggles- 
worth, 1927] use was made of capillaries lined with paraffin. This technique has 
now been extended to titration. The method was developed for the purpose of 
estimating the chloride in the blood of single mosquito larvae [Wigglesworth, 
1937], and it was this requirement which determined the volume of fluid used for 
analysis. But much smaller volumes could be used if necessary; and the prin- 
ciple may be applied to many other titrimetric procedures. 


Principle 


By using capillary tubes lines with paraffin, and so reducing surface tension, 
it is possible to manipulate, measure and transfer quantitatively, very minute 
quantities of fluid. To measure concentration it is not necessary to know the 
absolute volumes employed. A measured volume of tissue fluid is treated with 
excess of nitric acid and an arbitrary volume of standard silver nitrate of 
suitable concentration, filtered and the filtrate titrated in arbitrary units with 
sodium thiocyanate in the presence of ferric ammonium sulphate. The equivalent 
value of the units of thiocyanate in terms of chloride is obtained by titrating the 
standard volume of silver nitrate alone and after the addition of sodium chloride 
of known concentration measured from the same pipette as the tissue fluid. 


Preparation of the pipettes 


The capillaries are made by drawing out capillary tubing of 2 mm. external 
and 0-6-0-7 mm. internal diameter. 12 cm. is a convenient le ngth. The lumen 
varies and the pipettes are chosen later according to the purpose required. They 
are lined with paraffin of high melting-point (B.D.H. M.p. 65-71°), the method 
being as follows. The paraffin is melted in a long test-tube held obliquely in a 
clamp. Heating should be continued until the wax begins to smoke freely: the 
lining is apt to peel off if it is applied at too low a temperature. The capillary 
pipette with a rubber tube attached is then immersed in the melted paraffin up 
to the neck. When the paraffin has risen to this level, with the pipette still 
immersed, it is blown out; and as soon as bubbles of air flow from the tip the 
pipette is withdrawn, air being blown through all the time. The paraffin hardens 
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instantly and forms a perfectly smooth coat. It is an advantage to leave the 
paraffin on the outside of the capillary also, since it facilitates observation of the 
meniscus. With very fine pipettes it may not be possible to blow out the 
paraffin by the mouth. It is easily forced out if the rubber tube is folded over 
near the top of the pipette and squeezed between the finger and thumb. 

The capillary is now cut through just where it widens out, inserted into a 
sheath consisting of a length of the tubing from which it was drawn, and secured 
at both ends with paraffin (Fig. 1.4). The capillary projects a few mm. at the 
lower end. A rubber tube is attached at the upper end, and it is advisable to 
insert a small roll of filter paper in this tubing to prevent condensed vapour from 
the breath entering the pipette. 

For marking graduations a strip of transparent adhesive paper (music 
mending paper) is applied to the glass sheath and the marks made with a finely 
pointed pencil. The ‘“‘burette” for thiocyanate is graduated by drawing in a 
column of water of convenient length (say 5mm.), marking its upper limit, 
drawing it along until its lower limit coincides with the mark, and repeating this 
process until the whole burette is divided into a series of segments of varying 
length but equal capacity. To prepare and graduate such a burette requires about 
half an hour. 

A convenient type of pipette for the rapid measurement of small volumes 
where great accuracy is not required (e.g. for the nitric acid or for distilled water) 
is shown in Fig. 1 B. The capillary is inserted into a tube as shown. Its tip is 




















Fig. 1. A, standard type of capillary pipette or burette; B, pipette for rapid measurement of 
approximately constant volumes; C, method of titration on paraffin coated slide, stirring with jet 
of air; D, method of filtration. In the sectional drawings glass parts are shown clear, paraffin 
black, rubber tubing stippled. 


lined and coated with paraffin (so that it can be discharged without spluttering) 
but above this the glass is clean. As soon as fluid is drawn past the paraffin 
coated tip, a pipette of this type will fill itself automatically to the end of the 
capillary, and will therefore always deliver a constant volume. 

The capacity of the pipette used for tissue fluid (estimated by filling with 
mercury and measuring with the microscope the diameter of the droplet after 
discharge) was about 0-3 mm.* This formed a column from 6 to 9 cm. in length 
in different pipettes so that the mean diameter of the lumen was 65-75. The 
units in the thiocyanate burette (each about 5 mm. in length) were rather less 
than 0-04 mm.3 
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Care of the pipettes. Each pipette is used only for one solution. When these 
solutions contain no organic material the pipette is left completely dry and never 
requires cleaning. The pipettes should be kept dry. Organic fluids adhere slightly 
to the walls, so that the pipette must be washed out repeatedly with 1 % sodium 
chloride followed by distilled water. Even then a film of organic material may 
accumulate in course of time; this is eliminated by filling the pipette with 50%, 
nitric acid and leaving for an hour at room temperature. It is surprising that 
the pipettes will withstand cleaning repeatedly in this way. They can even be 
cleaned several times with pure nitric acid before the film of paraffin breaks down. 
The pipette for measuring blood usually requires replacement after 100 or 150 
titrations; the other pipettes can apparently be used indefinitely. 

It is important that when the pipette or burette is discharged the fluid should 
stand out as a small sphere and show no tendency to creep around the tip. This 
is ensured by dipping the tip from time to time in melted paraffin, air being blown 


th h the pipett hile. 
rough the pipette meanwhile itil. 


The whole procedure is carried out on a microscope slide which has been 
dipped in melted paraffin. This rests on a white card to provide a suitable back- 
ground. Droplets of fluid placed separately on such a paraffin surface can be 
transferred quantitatively from place to place, and mixed together when required, 
by blowing them with a jet of air. 

A small drop of distilled water (say 1-5 mm. in diameter) is measured out. 
The tissue fluid is measured out beside it and the water used for washing out the 
pipette twice, each droplet being discharged separately. A volume of nitric acid 
of about four times the volume of the tissue fluid is next added and mixed with 
the fluid and washings from the pipette. The droplet of standard silver nitrate 
(0-5 %) is measured ; a minute droplet of saturated ferric ammonium sulphate is 
added to the water; and all the droplets are brought together and mixed. 

Filtration. The silver chloride is filtered off by a modification of Behren’s 
method [Chamot, 1921]. A thick-walled capillary tube (3 mm. external, 0-75mm. 
internal diameter), drawn out and ground to a point at one end, is lined with 
paraffin and the outside of the tip also well coated with paraffin. A rubber 
tube is attached to the other end. A piece of hardened filter-paper 1 mm. 
square is placed on the paraffin slide close to the drop to be filtered and 
the tip of the capillary pressed firmly down vertically upon it. The drop is 
then driven up against the filter paper, and a negative pressure is created within 
the capillary by suction and closure between the finger and thumb. Then the 
downward pressure upon the capillary is slowly relaxed until the fluid begins 
to rise into the lumen. When all the fluid has been drawn up, the filter paper is 
washed twice by drawing up in the same way two droplets of distilled water of 
suitable size previously put in readiness (Fig. 1 D). When the pipette is lifted 
up the silver chloride adheres to the filter paper and a perfectly clear filtrate can 
be discharged quantitatively upon a clean part of the paraffin surface. 

Titration is carried out with 0-01 N sodium thiocyanate. If the tip of the 
thiocyanate burette is kept freshly coated with paraffin, the solution forms a 
minute sphere as it is gently blown out. This can be introduced into the 
droplet to be titrated by just touching its margin. During titration the droplet 
is stirred by directing a jet of air to one side of it: this causes it to spin rapidly 
round (Fig. 1 C). 

Sources of error. Contamination with sodium chloride from the air is guarded 
against by coating the slide with a fresh layer of paraffin immediately before 
each titration, and by passing the air used for mixing and stirring through water. 
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With these precautions there have been no irregularities due to this cause. 
Interference by proteins and stability of the end-point are discussed in the next 


section. 
Results 


The following are values obtained in the calibration of a set of pipettes: 

1 vol. AgNO, required 51, 51, 51 units NaSCN. 

2 vol. AgNO, required 102, 103 units NaSCN. 

Mean: 1 vol. AgNO,=51 units. 

1 vol. 0-50% NaCl+2 vol. AgNO, required 39, 40, 41 units NaSCN. 

Mean: 1 vol. 0-5% NaCl=102—40=62 units. 

It has been shown by Patterson [1928] that if an excess of concentrated nitric 
acid is added to plasma before the addition of the silver nitrate, the proteins do 
not interfere with the Volhard titration, which can be carried out directly without 
previous destruction of the proteins. This point was tested by estimating the 
chloride in a diluted blood serum by the present method and by Rehberg’s [1926] 
method as used in this laboratory, in which the proteins are oxidized with nitric 
acid and perhydrol. 

(i) 1 vol. serrum+1 vol. AgNO, required 11 units, 51-11=40 x 
NaCl. 

(ii) 1 vol. serrum+1 vol. AgNO, required 12 units, =0-31 % NaCl. 

(ili) 1 vol. serum+1 vol. AgNO, required 10 units, =0-33 % NaCl. 

Estimation by Rehberg’s method (kindly carried out for me by Mr E. Lange) 
gave 0-33 % NaCl. Clearly there is no interference by proteins. 

In working with these small volumes of fluid it is impossible to prevent the 
decomposition of the AgCl by having an excess of acetone present or by using an 
alcoholic solution of thiocyanate. It was for this reason that removal of the 
AgCl by filtration was adopted. The end-point is then very sharp and stable. It 
is of course possible to omit the filtration and so to simplify the procedure 
greatly. Although the end-point soon fades it is not difficult, with practice, to 
obtain consistent results. Three estimations on the same diluted serum as above, 
without filtration, gave values 0-31, 0-31, 0-32 % 

The accuracy of the method, as employed in my experiments, with or 
without filtration, is not greater than +0-02°% NaCl; but there is little doubt 
that by the introduction of refinements a higher degree of accuracy could be 


obtained. 


0-5 
x & =0- 329 /O 


SUMMARY 
If capillary pipettes coated with paraffin are used it is possible to carry out 
volumetric analyses on very small quantities of fluid. A Volhard titration, with 
or without removal of the silver chloride by filtration, is described. It is applicable 
to 0-3 mm.? of tissue fluid, or less if required. 


My thanks are due to Prof. A. Krogh for the hospitality received in his 
Laboratory during my tenure of a Research Fellowship of the Rockefeller 


Foundation, and for his stimulating interest in this work. 
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CCXVI. THE SPECIFICITY OF 
CHOLINE-ESTERASE 


By LESLIE HILTON EASSON anp EDGAR STEDMAN 
From the Department of Medical Chemistry, University of Edinburgh 


(Received 14 June 1937) 


THE parallelism between the hydrolytic activities of human blood serum towards 
choline esters and tributyrin, originally observed by Stedman e¢ al. [1933], has 
recently been confirmed by Vahlquist [1935], who therefore suggests that a name 
other than lipase should be found for the enzyme responsible for the activities in 
question. The implication that the name choline-esterase, proposed for the 
enzyme by Stedman et al. [1932], is not appropriate compels us to summarize 
our results on its specificity and to offer further experimental evidence in support 
of our previous conclusions. 

Our earlier publications show that choline-esterase is specific to the extent 
that its principal action is to hydrolyse simple esters of choline. Judging from 
the behaviour of human serum, it probably also exercises a small but readily 
detectable action on tributyrin. Its action, however, on methyl butyrate, if any, 
is so small as to lie within the limits of experimental error of the procedure 
hitherto employed. Vahlquist, as a result of his examination of human serum, 
does not claim that the hydrolysis of methyl butyrate is brought about by 
choline-esterase, although he states that the degree of inhibition of the enzymic 
activity by eserine was “practically the same whether acetylcholine, tributyrin 
or methyl butyrate were used as substrates”. This statement is, perhaps, scarcely 
borne out by his experimental results, which show that the concentration of 
eserine required to produce a 50% inhibition of the hydrolysis of acetylcholine 
is twice that necessary to cause the same inhibition in the case of methyl 
butyrate. Nevertheless, it does appear probable from the results presented 
below that choline-esterase exercises a small hydrolytic action on methyl 
butyrate and is, in fact, responsible for the whole of the activity of human 
serum towards this substrate. Such a conclusion is not, however, in contra- 
diction with our previous results. Human serum is peculiar in possessing only 
a small activity towards methyl butyrate. It was, indeed, classified by Stedman 
et al. [1933] with those sera in which a high choline-esterase activity was 
associated “with an almost negligible. ..esterase activity’’. By modifying the 
method of estimation it has now been possible to measure its activity towards 
methyl butyrate more accurately, with the result that this has proved to be 
only 1/80 of that towards butyrylcholine. An activity of this magnitude lies 
within the limits of error of the method of estimation hitherto used. For 
example, Stedman & Stedman [1935] found that the quantity of an extensively 
purified preparation of choline-esterase from horse serum which liberated in 
20 min. from butyrylcholine an amount of acid equivalent to 6-35 ml. of 0-02.NV 
alkali caused no detectable liberation of acid from methyl butyrate under the 
same conditions. If the relative activities of horse choline-esterase towards 
methyl butyrate and butyrylcholine are the same as for human serum, a 
titration figure of 0-08 ml. should have been obtained when the simple ester was 
used as substrate, a figure which is quite within the limits of experimental error. 
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It is thus possible that choline-esterase from the horse, like that in human blood, 
does attack methyl butyrate to a small extent, although such activity can hardly 
be regarded as significant. 

The fact that human serum apparently contains only one esterase, namely 
choline-esterase, does not imply that a similar state of affairs holds for sera 
from other species. We have, indeed, already shown that the contrary is the 
case, and further evidence in confirmation of our earlier results will be found 
below. 

Some reference must, finally, be made to a paper by Shaw [1935], in which 
considerable criticism is made of our work on choline-esterase. It will suffice 
to say, as a reference to the literature will show, that all such criticism is based 
on misstatements of our results. 


Inhibition of serum esterases 


Shaw states: “It is remarkable that Stedman, having purified the enzyme 
[choline-esterase], should not have tried the effect of eserine on its action.’ The 
reason for the delay in publishing the results of such experiments, which were 
naturally carried out, is explained elsewhere [Easson & Stedman, 1936]. It 
might, however, be mentioned in connexion with the present work that, as far 
back as July 1933, we observed that a concentration of miotine which produced 
a 75% inhibition in the choline-esterase activity of guinea-pig serum had no 
effect on its activity towards methyl butyrate, nor was any inhibition of the 
activity of the enzyme responsible for the hydrolysis of the latter substrate 
produced when the concentration of the drug was increased tenfold. As this 
result appeared merely to confirm the conclusion of Stedman et al. [1933] that 
serum from this species contained, in addition to choline-esterase, at least one 
other esterase, the matter was not pursued further and consequently the single 
experimental result was not published. In view of the fact that Vahlquist has 
now applied this method to human serum, using eserine as inhibitor, with the 
results discussed above, it appeared to us desirable to extend our unpublished 
experiment. We have therefore examined the inhibitory actions of prostigmine 
and, in some cases, eserine on the enzymes present in horse, guinea-pig and 
human blood sera, using butyrylcholine, methyl butyrate and tributyrin as 
substrates. 

The method adopted for the estimation of the various activities was that of 
continuous titration in the form described by Stedman e¢ al. [1933]. Two slight 
modifications have, however, been made: the normality of the alkali employed 
was reduced to 0-01, while a slow stream of CO,-free air was passed through 
the flask, but not through the liquid, during the titration. In some cases the 
tributyrin activity was determined by the stalagmometric method [Stedman & 
Stedman, 1931]. The substrates in the titration experiments consisted of 0-25 g. 
of butyrylcholine bromide, 0-25 ml. methyl butyrate and 0-1 ml. tributyrin 
respectively. All estimations were made at pH 8-0. In measuring the inhibition 
produced by the inhibitor, the serum was mixed with an equal volume of a 
solution of the drug of suitable concentration and left overnight. For the control, 
water was used in place of the solution of the drug. The results obtained with 
guinea-pig, horse and human sera are collected in Tables I, IT and III respectively. 
In these Tables the following abbreviations have been used: B.C.B.=butyryl- 
choline bromide; M.B.=methyl butyrate; T.B.=tributyrin; [J]=molar con- 
centration of inhibitor in the serum-inhibitor mixture; i=fractional inhibition. 
The inhibitor employed was usually prostigmine ; an asterisk indicates the use of 


eserine. 





ER RS RR A ean 





CHOLINE-ESTERASE 





Table I. Inhibition of esterases present in guinea-pig serum 


Vol. of serum 


Substrate mixture (ml.) 
B.C.B. 2 
2 
M.B. 2 
2 
T.B. 0-1 
0-1 
M.B. ] 
1 
T.B. 0-5 
0-5 
M.B. 1 
1 
TB. 0-1 
0- 


(1) 


0 
10-7 
0 
10-7 
0 
10-7 
0 
10-5 
0 

5 x 10-4 
0 

5x 10-3 
0 

5x 10-3 


ml. 0-01 NV 
alkali 
10-05 

0-75 
8-55 
8-85 


ow 
Orcr 


Co 


6-10 
1-70 


Diminution 


in drop no. 


oe 


0-925 


Activation 


0 


Activation 


0-44 


A general confirmation of our previous conclusions can at once be drawn 
from these results. In the case of the guinea-pig, it can be seen that a concen- 
tration of prostigmine (10-7 M) which produces a fractional inhibition of 0-925 
in the choline-esterase activity of the serum exerts no detectable inhibition on 
its activities towards methyl butyrate and tributyrin. It is not, indeed, until a 
concentration of the inhibitor of 5x 10-* M is reached that definite inhibition 
of these activities becomes perceptible. The conclusion appears to be inescapable 
that guinea-pig serum contains at least two ester-hydrolysing enzymes, namely, 
choline-esterase, which attacks esters of choline but has no appreciable action 
on methyl butyrate, and an enzyme, which we designate by the old term esterase, 
capable of hydrolysing simple esters. Esterase is almost certainly responsible 
for at least part of the activity of the serum towards tributyrin, but we do not 
wish to exclude the possibility that a third enzyme is involved in the case of 
this substrate or that choline-esterase itself does exert a relatively small activity 


Table II. Inhibition of esterases present in horse serum 


Vol. of serum 


Substrate mixture (ml.) 

B.C.B. 1 

1 
M.B. 2 

2 
B.C.B. 1 

1 
M.B. 2 

2 
B.C.B. 1 

1 

1 
M.B. 2 

2 

2 
T.B. 0-5 

0-5 
M.B. 2 

2 
T.B. 2 

2 


Biochem. 1937 XxXxI 


[J] 
0 
10-7 
0 
10-7 
0 
2-5 x 10-4* 
0 
2-5 x 10-* 
0 
2-5 x 10-3* 
2-5 x 10-8* 
Vv 
2-5 x 10-** 
2-5 x 10-** 
0 
2-5 x 10-3* 
0 
1-25 x 10-3* 
0 


1-25 x 10-%* 


ml. 0-01. V 
alkali 
7-45 
1-10 
9.95 


“a0 


2-70 


7-65 


2 
ot 


oc tye 
S100 by go Or 
Ao Orci 


— 
hm bo 


* See text. 


Diminution 
in drop no. 


0-85 


Activation 


0-88 


Activation 


0-92 
0-82 


0 
0 


0 


Activation 


0-21 
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towards it. The stalagmometric method used in these experiments is not, 
perhaps, sufficiently accurate to permit of a definite decision on these points. 
Attention might also be drawn to the fact that concentrations of prostigmine 
which produce almost complete inhibition of choline-esterase apparently cause a 
small activation of esterase. This activation, although small, is, we believe, real. 

The results for the horse, whether prostigmine or eserine be used as inhibitor, 
are entirely similar and need not, therefore, be discussed in detail. It is thus 
evident that horse serum contains at least two ester-hydrolysing enzymes, 
namely, choline-esterase and esterase. 

Human serum occupies a special position. The results in Table III show that, 
in confirmation of our previous results, little activity towards methyl butyrate 
is exhibited. The rate of hydrolysis of this substrate is, indeed, so small that it 
has been necessary, in order to obtain figures for which a moderate degree of 
accuracy could be claimed, to use four times as much serum as was employed with 
butyrylcholine and to prolong the experimental period from 20 to 60 min. An 
increased volume of serum has also been employed in the case of tributyrin. 


Table III. Inhibition of esterases present in human serum 


Vol. of serum Titration ml. 0-01 V 
Substrate mixture (ml.) [J] period (min.) alkali a 

B.C.B. ] 0 20 5-85 

1 10-7 20 1-80 0-69 
M.B. 4 0 60 0-90 

4 10-7 60 0-25 0-72 
1. 2 0 20 1-50 

2 10-7 20 0-50 0-67 


Calculation from these figures of the relative rates of hydrolysis of the three 
substrates gives the following result: B.C.B. : T.B. : M.B.=5-85 : 0-75 : 0-075. In 
other words, the activity of human serum towards butyrylcholine is approxi- 
mately 8 and 80 times greater respectively than towards tributyrin and methyl] 
butyrate. The inhibitory action of prostigmine is, however, within the limits of 
experimental error, independent of the substrate. It can therefore be concluded 
that, in all probability, only one enzyme is involved. It should perhaps be 
pointed out that it must not be concluded that the choline-esterase from other 
species possesses the same degree of activity towards methyl butyrate and 
tributyrin. It is possible that this is the case, although our results do not provide 
any evidence in favour of such a conclusion. 


Action of serum esterases on mixed substrates 


The results in the preceding section appear quite definitely to prove that at 
least two ester-hydrolysing enzymes are present in the sera from the guinea-pig 
and the horse, while only one is present in human serum. Further confirmation 
of these results has been obtained by the use of mixed substrates. If one and 
the same enzyme were responsible for the hydrolysis of, for example, butyryl- 
choline and methyl butyrate, the total amount of hydrolysis effected in a given 
time with both substrates present should not exceed that which occurs with one 
of them alone, assuming, of course, that optimum substrate concentrations are 
employed. If, on the other hand, two enzymes are involved, it is clear that the 
two actions should be additive in the experiment with mixed substrates except 
in so far as one substrate might inhibit the enzyme by which it is not attacked. 
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The results obtained in such experiments are recorded in Tables IV, V and VI. 
The method adopted in carrying out these experiments was to measure the 
amount of hydrolysis with one substrate for a fixed period (10 or 20 min.) and 
then to add to the reaction mixture the second substrate, the titration being 
continued for an identical period. In some cases this was followed by the 
addition of a third substrate. The action of a mixture of serum and inhibitor 
on mixed substrates has also, in some instances, been examined. 

The results obtained with guinea-pig serum appear to be quite conclusive. 
The figures show that, using butyrylcholine bromide and methyl butyrate as 
substrates, the enzymic activity in the presence of both substrates is nearly 
equal to the sum of the activities towards the two substrates separately. This 
would not be the case if only one enzyme were involved, and it must therefore 
be concluded, in confirmation of previous results, that guinea-pig serum contains 
the two enzymes esterase and choline-esterase. That the two activities are not 
quite additive must be attributed to an inhibition of one or both of the enzymes 
by the second substrate. Some evidence is, in fact, available which indicates 
that butyrylcholine exerts a small inhibitory action on esterase. Thus, when the 
serum is treated with 10-° M prostigmine, the choline-esterase is almost com- 
pletely inhibited while the esterase undergoes a slight activation. If the activity 
of such an inhibited preparation towards the mixed substrates is compared 
with that towards methyl butyrate alone it is found that the former is smaller 
than the latter. It must be concluded from this that butyrylcholine exerts a 
small inhibitory action on esterase. This method is, unfortunately, not available 
for ascertaining whether methyl butyrate inhibits choline-esterase, for esterase 
vannot be inhibited by drugs of the type available without causing a greater 
inhibition of choline-esterase. 


Table IV. Hydrolysis of mixed substrates by guinea-pig serum 
ml. of 0-01 N alkali 








Substrate ; Ist and 
Vol. — Ist 2nd 
Material (ml.) Ist 2nd [Z] substrate substrate 

Diluted serum 1 M.B. B.C.B. 0 2-35 4-05 
Diluted serum 1 B.C.B. M.B. 0 2-15 3°85 
Serum-water 1 M.B. B.C.B. 0 3°35 7-40 
Serum-prostigmine 1 M.B. B.C.B. ig 4-15 3-70 
Serum-water ] M.B. B.C.B. 0 5-35 9-65 
Serum-prostigmine 1 M.B. B.C.B. 5x10 4-25 3°75 
Serum-water 1 B.C.B. M.B. 0 5-30 9-50 
Serum-prostigmine 1 B.C.B. M.B. 5x 10-4 0-35 3-95 


Table V. Hydrolysis of mixed substrates by horse serum 
ml. of 0-01 NV alkali 








Substrate Ist and Ist, 2nd 

Vol. (a —— — Ist 2nd and 3rd 

Material (ml.) lst 2nd 3rd substrate substrate substrate 
Serum 0-5 B.C.B. M.B. T.B. 3°85 3-95 4-40 
0-5 M.B. B.C.B. T.B. 0-50 4-25 4-70 
0-5 Tr B.C.B. M.B. 1-00 4-50 4-65 
ee 0-5 B.C.B. TB. — 3-80 4-15 — 
1-0 M.B. TB. — 1-15 2-50 — 
1-0 T.B. M.B. B.C.B. 1-95 2-65 8-90 


Note. Experiments by the stalagmometric method showed that neither B.C.B. nor M.B. in 
concentrations used in the above experiments inhibited the hydrolysis of T.B. 
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Table VI. Hydrolysis of mixed substrates by human serum 
ml. of 0-01 N alkali 
OT ONT 
Substrate lst and lst, 2nd 
Vol. —_—_—_ Ist 2nd and 3rd 
Material (ml.) lst 2nd 3rd [J] substrate substrate substrate 
50% serum 1 B.C.B. EB. = 0 5-85 6-00 = 
1 B.C.B. TB. _- 10-7 1-80 2-40 — 
- 4 M.B. B.C.B. _- 0 0-30* 22-35 — 
9 4 M.B. B.C.B. = ig-? 0-08* 8-55 -— 
- 2 T.B. M.B. B.C.B. 0 1-50 1-45 11-30 
2 T.B. M.B. B.C.B. 10-7 0-50 0-55 4-85 





* These figures have been corrected for an experimental period of 20 min., the actual time of 
the experiments being 60 min. 


In the case of horse serum the results are not, perhaps, so definite owing to 
the much smaller activity of this serum towards methyl butyrate. Nevertheless, 
the total activity in the presence of the two substrates (methyl butyrate and 
butyrylcholine) is greater than in the presence of butyrylcholine alone. When it 
is recalled that, according to the experiments with guinea-pig serum, butyryl- 
choline inhibits esterase, this result can only be interpreted on the assumption 
that two enzymes, esterase and choline-esterase, are also present in this serum. 
If a third substrate (tributyrin) be added to the reaction mixture the total 
enzymic activity is increased. A definite interpretation of this result cannot be 
given at the present time. It is probable that a third enzyme, which hydrolyses 
tributyrin, is present. 

The results obtained with human serum are consistent with the conclusion 
that only one esterase, namely choline-esterase, is present. Thus, when the three 
substrates are examined in pairs, it is found that the total enzymic activity of 
the serum is, in each case, considerably less than the sum of its activities towards 
the two substrates separately. Only in one case is the total activity slightly 
greater than the activity towards the substrate which is the more readily 
hydrolysed by the enzyme. These results do not, however, hold when inhibited 
serum is employed, a fact for which we cannot offer any definite explanation. 


SUMMARY 


The suitability of the name choline-esterase for the enzyme present in blood 
which accelerates the hydrolysis of acylcholines is reiterated. 

In confirmation of previous work from this laboratory it is shown (a) that 
there exist in blood sera from the guinea-pig and horse at least two ester- 
hydrolysing enzymes, namely, choline-esterase and an enzyme recognized by its 
action on methyl butyrate; (b) that choline-esterase is specific to the extent 
that, while attacking esters of choline, its action on methyl butyrate is in- 
appreciable; (c) that the choline-esterase present in human serum is almost 
certainly responsible for the relatively small action of this serum towards 
tributyrin. It is possible that the choline esterase in sera from the horse and 
guinea-pig also exercises a small action on tributyrin, but this is less certain. 

In the absence of any knowledge regarding the physiological function of the 
enzyme which hydrolyses methyl butyrate, this enzyme is provisionally desig- 
nated by the general term esterase. 

Guinea-pig serum contains a relatively large amount of esterase ; horse serum 
contains less; while human serum apparently contains none. The small esterase 








CHOLINE-ESTERASE 1729 


activity of human serum, which is only 1/80 of its activity towards butyryl- 
choline is, however, real and is due to the choline-esterase present in this serum. 

The activity of serum esterase (guinea-pig) on methyl butyrate is inhibited 
to an appreciable extent by moderate concentrations of butyrylcholine. 

No conclusion has yet been reached as to a possible small action of serum 
esterase on butyrylcholine. 

It is possible that a third ester-hydrolysing enzyme, which attacks tributyrin, 
is present in blood sera from certain species. The action on this substrate of the 
sera examined can, however, be explained by assuming that both esterase and 
choline-esterase attack tributyrin, the former enzyme being much more active 
than the latter in this respect. 

The inhibitory actions of eserine, prostigmine and analogous drugs on esterase 
are less marked than on choline-esterase. 


The expenses of this investigation have been largely met by grants from the 
Earl of Moray Fund of this University. 
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CCXVII. GLUCOSE AND HEXOSEDIPHOSPHATE 
BREAKDOWN IN TUMOUR TISSUE 


By BARBARA ELIZABETH HOLMES 
From the Biochemical Laboratory, Cambridge 


(Received 2 August 1937) 


THE work described in this paper was carried out as a preliminary to an in- 
vestigation of the effect of X- and y-rays on anaerobic glycolysis of tissues. 
In view of the interesting discovery made by Crabtree [1935] that glycolysis in 
tissues can be readily inhibited by radium treatment in the cold but is resistant 
to irradiation at 37°, it is plainly worth while trying to discover at what point in 
the reactions by which glucose is broken down to lactic acid the irradiation 
interferes. Anything that can be determined on this point must help to give 
precision, which is very much needed, to our ideas concerning the action of 
rays on cells and may contribute something to knowledge of the glycolytic 
process. 

The recent work of Needham & Lehmann [1937] has once more brought into 
prominence the idea originally put forward by Ashford & E. G. Holmes [1929] 
and encouraged by the results obtained by Geiger [1935] that glucose breakdown 
san proceed along a path not involving phosphorylation and therefore not the 
same path as that followed by glycogen or hexosediphosphate. Needham & 
Lehmann were able to show definitely that in embryonic tissues there is a very 
active non-phosphorylating glucose breakdown and a very feeble phosphory- 
lating mechanism dealing with glycogen and hexosediphosphate. This latter 
mechanism is defective in four distinct places, and added hexosediphosphate is 
converted into triosephosphate and accumulates as such. The glucose breakdown 
is activated in a specific manner by glutathione. 

Boyland e¢ al. [1937] have shown that when suitable methods are used, a 
large breakdown of hexosediphosphate to lactic acid can take place in extracts 
from tumour tissue. On the other hand, Mendel [1929] found that glyceraldehyde 
inhibited lactic acid formation from glucose in tumour tissue and it is known 
from the observations of E. G. Holmes [1934] that glyceraldehyde does not 
inhibit lactic acid formation from starch in muscle extracts.1 There is therefore 
the possibility that tumour tissue possesses the mechanism for carbohydrate 
breakdown by both of these routes. The following experimental data support the 
idea that this is indeed so. 

It cannot be claimed from the results of this investigation that the break- 
down of glucose and the breakdown of hexosediphosphate by tumour tissue are 
two completely distinct processes, and that no part of the mechanism of break- 
down is the same. The fact, that when chopped tumour tissue is used the hexose- 
diphosphate glycolysis is generally much smaller than the glucose glycolysis, 
makes comparison difficult and makes it difficult to assess the importance of 
experiments which show a differential action of certain substances in accelerating 
or inhibiting the glycolysis of hexosediphosphate and that of glucose. 

1 This author also showed that glyceraldehyde had no effect on the breakdown of glucose in 
muscle extracts in the presence of hexokinase. In these circumstances the glucose is converted 
into hexosediphosphate and then broken down to lactic acid. 
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It is clear, however, that in some respects there are definite differences in 
tumour tissue between the catalytic system by which glucose is broken down and 
that by which hexosediphosphate is broken down. 


EXPERIMENTAL 


Boyland e¢ al. used the Crocker mouse tumour for their experiments, as this 
tumour does not destroy adenylic acid and cozymase as quickly as do some 
others. The Crocker tumour was accordingly used in the following experiments 
except when otherwise stated. The glycolysis experiments were carried out in 
the Warburg apparatus in bicarbonate-CO, buffer at pH 7-4. The results were 
checked and confirmed by occasional chemical estimations of lactic acid. 

Although it was shown by Needham & Lehmann that glucose breakdown is 
connected with cell structure, while hexosediphosphate breakdown proceeds in 
extracts, it was thought best in this case to use tissue for all experiments, in 
order that a direct comparison might be obtained. This is especially necessary 
for experiments with irradiation, as it is not satisfactory in our present state of 
ignorance to compare the results of irradiating extracts with those obtained when 
whole tissue is irradiated. 

It was unfortunately seldom found possible to show hexosediphosphate 
glycolysis in tissue slices, so that tissue chopped with scissors had to be used. 
This must presumably be due to difficulty of approach of substrate to enzyme at 
some stage of the breakdown, so that damaged cells are more effective than 
whole ones. With the degree of chopping employed glucose glycolysis may be 
somewhat reduced, but is still very large. 

The capacity of the tissue to glycolyse hexosediphosphate is very variable, 
and old slow-growing tumours are particularly lacking in it. It was found 
advisable to chill the tissue before chopping and to keep it cold throughout the 
chopping and measuring. Measurement was sometimes carried out by means of 
a cold tissue syringe rather than by weighing for this reason. 

For the purpose of irradiating in vitro it is naturally necessary to keep the 
tissue for some time after the tumour is taken from the animal before it can be 
put into the Warburg apparatus, and some of the following experiments were 
done on tissue which had been kept for 4 hr. in the ice-chest, in order to deter- 
mine the optimum conditions for glycolysis in such tissues. These experiments 
are included here as they gave some interesting results. 

Cozymase and adenylic acid were always added to the medium in the 
experiments with hexosediphosphate. There are no indications in any of the 
experiments carried out here that cozymase and adenylic acid increased glucose 
glycolysis. This distinction between the two systems is not one that can be 
stressed, since there is probably always some cozymase and adenylic acid 
remaining inside the intact cells and the glucose can penetrate these intact cells. 
It seemed, however, worth making one experiment in which the two systems 
were directly compared. The tissue used had been kept for 4 hr. in the ice-chest. 
This treatment reduces glucose glycolysis to less than half its original level, so 
that it might be expected that any activating effect of cozymase and adenylic 
would be detectable. Plainly, an activating effect is only found in the case of 
hexosediphosphate glycolysis. 

The figures given in Table I are total amount of CO, evolved; since chopped 
tissue is used and not slices, there was no object in using the Q\2* notation. The 
weight of tissue used was nearly always 0-1 g. wet weight, and during the period 
mentioned in the tables there was no falling off in rate of CO, output. 
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Table I 

Experiment lasting 1 hr. Total CO, output given (l.) 
Without With 

Substrate cozymase cozymase 
Na hexosediphosphate 17-5 101-4 
Glucose 130-7 136-2 
Without With 

adenylic adenylic 
acid acid 
Na hexosediphosphate 26-6 63-6 
Glucose 80-4 -83-0 


The experiments with pyruvic acid and glyceraldehyde, these being sub- 
stances which can presumably pass in and out of cells, are probably of more 
significance. 

Experiments with pyruvate 

Even when all precautions are taken the glycolysis of hexosediphosphate by 
fresh Crocker tissue is very variable in extent and after keeping the tissue for 
4 hr. in the ice-chest this glycolysis is often entirely absent. It was found that if 
pyruvate were added to the medium, acid formation proceeded once more. The 
experiments reported in Table II were carried out with such tissue: 


Table IT 
The amount of pyruvate used is 0-1 ml. of M/2 or M/5 in the 3 ml. of fluid in the cup. CO, 








evolved (yl.) Hexosediphosphate - Glucose 

—r/ —_ x ee — —, 

Duration Pyruvate Without With Without With 
min. alone pyruvate pyruvate pyruvate pyruvate 

(1) 35 23 40-3 150 wali am 

(2) 35 10 37 150 — — 

(3) 40* 16 67 120 = — 

(4) 50 = 69 98 83 92 

(5) 80 ~ 18-5 44 70 66 

(6) 60 we 37 101 134 147 


* Fresh tissue. 


It will be seen that the pyruvate affects the hexosediphosphate glycolysis 
only; it does not restore glucose glycolysis even when this has also fallen to a 
low level as a result of storage of the tissue in the ice-chest (see Exps. 4 and 5). 

It seems that tumour tissue after it has been kept resembles embryo tissue 
in this respect. It has still the power of causing dismutation between triose- 
phosphate and pyruvate (this is sometimes, not always, found in embryo), but 
it cannot form pyruvic acid at great enough speed. Probably, when pyruvate 
is not added, an accumulation of triosephosphate occurs, as Needham & Leh- 
mann have described for embryo tissue. It has been shown by Lehmann [1935] 
that during the ageing of muscle extract some part of the system transforming 
phosphoglyceric acid into phosphopyruvic acid is easily lost, thus preventing the 
formation of lactic acid, and it may be that the same thing occurs, though far 
more rapidly, when tumour tissue is kept at 4°. The extra acid formed in the 
presence of pyruvate estimates as lactic acid (pyruvate is included in the con- 
trols in order to allow for the possibility that some of the pyruvate estimates as 
lactic acid). When fresh tissue is used and no pyruvate added, it appears that 
only part of the acid formed is actually lactic, suggesting that part may also be 
phosphoglyceric, formed by dismutation of 2 molecules of triosephosphate. The 
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exact details of these occurrences will be worked out in connexion with the 
irradiation experiments. Meanwhile the experiments with pyruvate suggest 
that there must be a difference between the glucose glycolytic system and the 
hexosediphosphate glycolytic system, even if it is only a difference in the relative 
speeds of reaction at the various stages of breakdown. 

Two irradiation experiments which have already been carried out show that 
the production of lactic acid from hexosediphosphate with added pyruvate can 
still continue after a dose of y+ rays which greatly inhibits glucose glycolysis. 
The effects of dl-glyceraldehyde make an even sharper distinction. 


Glyceraldehyde experiments 


The known inhibitory effect of dl-glyceraldehyde on glucose breakdown could 
be demonstrated on chopped Crocker tumour, on Jensen rat sarcoma slices and on 
Walker carcinoma slices. In all cases the expected 80-90 % inhibition occurred ; 
in the case of the Crocker tumour the glycolysis was slow because the tissue had 
been kept for 4 hr. in the ice-chest, and the inhibition by glyceraldehyde was 
100%. 

It has not been possible to show that dl-glyceraldehyde has any effect on 
hexosediphosphate glycolysis. 

Table III 


Amount of CO, evolved 


With hexosediphosphate + dl- 


Duration With hexosedi- glyceraldehyde 0-1% 
min. phosphate Remarks 
(1) 90 50 52-7 _— 
(2) 60 44-5 49-3 a 
(3) — 120 101-4 In this experiment pyru- 
vate was present. Gly- 


colysis without pyruvate 
and glyceraldehyde was 
67 yl. 


This confirms on tissue the work on muscle extract. The extra lactic acid 
formation caused by the addition of pyruvate is slightly cut down in the example 
given, but it is probable that this does not always happen and the effect is at all 
events slight. 

Competition experiments 

Experiments were carried out with glucose and hexosediphosphate together 
in order to see if there was any competition between these two substrates. The 
results are given below. Fresh tissue was used. 


Table IV 


CO, evolved (yl.) 


Glucose + 


Duration No Hexosedi- _hexosedi- 
min. substrate Glucose phosphate phosphate Remarks 
(1) 55 23-7 163-5 87 201-5 Pyruvate used to activate 
hexosediphosphate glyco- 
lysis 
(2) 65 — 248 11] 303 No pyruvate 
(3) 30 75 41 25 57 No pyruvate. Done on 


small scale in small mano- 
meters on slices of mouse 
tumour 113 
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It will be seen that if the ‘‘no substrate” value is subtracted from each of the 
others, the glycolysis of hexosediphosphate and glucose together is not much 
smaller than the sum of the two separately. Since the origin of this small blank 
value is not known, it is impossible to say whether one can correctly do this. 
It is in any event plain that competition between the two substrates is slight, 
since there is certainly considerable summation although both systems are 
saturated (the concentration of glucose is 0-3°%, the concentration of hexosedi- 
phosphate is equivalent and the curves of CO, output are straight lines through- 
out the period mentioned in Table IV). This again, of course, suggests that the 
systems are, at least in part, distinct. 


Glutathione experiments 


It was typical of the glucose glycolytic system described by Needham & 
Lehmann that glutathione acted as a specific activator. The glutathione originally 
present was removed from the tissue brei by dialysis. It was not possible to 
carry out experiments of this sort on tumour tissue, as even the glucose glycolysis 
in this tissue seems to be exceptionally easily destroyed by keeping and it is 
impossible to prepare an active brei of this sort. A washed residue can be made, 
if the tumour is chopped, washed with distilled water, ground with sand, washed 
with saline and centrifuged down, which will still give a small glycolysis (about 
1/5 or less of the original). On this washed residue glutathione will sometimes 
show an activating effect, giving 30-100 % increases in glucose glycolysis. The 
Jensen tumour was always used for this work, as the amount of glutathione 
originally present in it is small, but even with this tissue it is not at all easy to 
be sure that enough glutathione has been washed out, and the results are 
irregular. It was found to be better to use rather small amounts of glutathione 
(say 1 or 2 mg. in the 3 ml.) as larger amounts can have an inhibitory effect on 
tissue which already contains glutathione. 

It is noticeable that both glycolytic systems in tumour tissue are readily 
destroyed by keeping, even in the ice-chest, particularly if the tissue is chopped. 

One other experiment made with the washed residue is worth mentioning. 
It is sometimes possible to wash the residue sufficiently to remove all adenylic 
acid while still leaving some glucose glycolytic activity in it. This can be shown 
by the fact that phosphopyruvic acid is not dephosphorylated by the residue 
unless adenylic acid is added. There was not sufficient phosphopyruvic acid 
available to repeat this experiment many times but on one occasion the result 
was so striking that the figures are given here. The glycolysis was not increased 
by the addition of adenylic acid. 


Table V 
Glucose glycolysis during Percentage dephosphorylation* in 2 hr. 
1} hr. of 0-3 g. 
70 pl. CO, Without adenylic acid 6 


With 1/1000 adenylic acid 53 
With 1/100 adenylic acid 66-5 
* The dephosphorylation is estimated by the amount of inorganic phosphate appearing. 
These estimations were carried out by Dr Lehmann. 


It is not easy to secure that all the adenylic acid is washed away while still 
leaving a residue with sufficient glycolytic power, so that the experiment is 
not easily repeatable. On this occasion there was undoubtedly some glycolysis 
without transport of the phosphoric group from pyrophosphate to adenylic acid, 
and one other result confirms this. 
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SUMMARY 


1. Chopped tumour tissue (Crocker mouse tumour) can form acid in the 
Warburg manometer from both glucose and Na hexosediphosphate. 

2. The hexosediphosphate glycolysis is lost by keeping the tissue some hours 
in the ice-chest, but is restored by adding pyruvate. Pyruvate has no effect on 
glucose glycolysis under the same conditions. 

3. dl-Glyceraldehyde inhibits glucose glycolysis but has no effect on hexosedi- 
phosphate glycolysis. 

4. Some comparisons are made between glycolysis in the embryo and in 
tumour tissue. 


I have much pleasure in thanking Dr Lehmann for much help and advice, 
and the British Empire Cancer Campaign for a personal grant. 
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Cuannon & SmitH [1936] reported that triethyl-8-hydroxyethylammonium 
hydroxide had choline-like action in preventing fat deposition in the livers of 
rats receiving diets high in fat and low in choline and protein. In that work no 
attempt was made accurately to determine the intensity of the action of this 
compound in terms of choline but the results suggested that its activity was 
somewhat less, perhaps of the order of 70%. In the present paper the results 
of experiments with two further choline analogues are recorded. The - first 
of these compounds, tripropyl-8-hydroxyethylammonium hydroxide was in- 
vestigated with a view to seeing whether further increase in the size of the 
alkyl radicals would cause a still greater diminution in the physiological activity 
than had occurred with the triethyl compound; the second, trimethyl-y- 
hydroxypropylammonium hydroxide, in order to study the effect of increasing 
the size of the group in the other part of the molecule. For brevity of descrip- 
tion triethyl-8-hydroxyethylammonium hydroxide, tripropyl-8-hydroxyethyl- 
ammonium hydroxide and trimethyl-y-hydroxypropylammonium hydroxide will 
be referred to in this paper as “triethyl-choline”, “‘tripropyl-choline” and 
““*homocholine” respectively. 
EXPERIMENTAL 


The general method of experiment was to feed groups of rats, each of 
10 animals or more on diets producing either the “cholesterol” or “‘fat”’ fatty 
liver, and at the same time to administer to other groups receiving the same 
diet one of the derivatives or choline itself. The amounts of the different com- 
pounds incorporated in the diet in any given experiment were always molecularly 
equivalent in order to obtain figures of value in assessing the activity of any 
compound in terms of choline. The increasing toxicity of these compounds 
compared with that of choline sometimes caused a lower food consumption in 
certain groups and hence the amounts of the derivatives actually consumed 
by the animals varied somewhat from molecular proportions. These variations 
were, however, not sufficient to introduce uncertainty into the deductions. 

In Exp. 1 the diet used to produce the “fat” fatty liver was caseinogen 
(alcohol-extracted) 5, fat (beef dripping) 40, glucose 44, marmite 5, salts 5, 
cod liver oil 1 part. In Exps. 2-4 the “‘cholesterol” fatty liver was studied, 
produced by use of a diet consisting of caseinogen (alcohol-extracted) 5, fat 
(beef dripping) 30, cholesterol 2, glucose 52, marmite 5, salts 5, cod liver oil 
1 part. Choline and its analogues were added to the diets as aqueous solutions 
of the chlorides and the amount of any derivative ingested was determined by 
weighing the food residues daily. 
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The method of investigating the livers varied in the different experiments. 
In Exp. 1 the pooled livers of the different groups of animals were digested with 
10% NaOH and, after refluxing following the addition of alcohol, the fatty 
acids and unsaponifiable fraction were obtained by ethereal extraction and 
subsequently purified by treatment with light petroleum. In Exp. 2 the pooled 
livers were treated by the alcohol-ether method and analysed as described by 
Beeston et al. [1935]. In order to study the variations in the individual animals 
of each group, in Exps. 3 and 4 the liver of each animal was ground to a fine 
powder with 60-70 g. anhydrous Na,SO, and the mixture extracted for 4 hr. 
with chloroform in a Soxhlet apparatus. The material was then thoroughly 
reground and re-extracted for a further 4 hr. The chloroform extracts were 
filtered into weighed flasks and the weight of the total lipoid obtained after 
removal of the chloroform in vacuo. While this chloroform method may leave 
traces of lipoid unextracted such amounts are quantitatively insignificant from 
the point of view of this work. 

The method used for the preparation of tripropyl-8-hydroxyethylammonium 
chloride was based on that described by Renshaw for choline [1910]. Freshly 
distilled ethylene chlorohydrin and tripropylamine in molecular proportions 
were heated in a sealed tube at 95° for 4 hr. with occasional shaking. The 
contents of the tube were then dissolved in alcohol, purified by treatment with 
charcoal and precipitated from the alcoholic filtrate by means of acetone and 
ether. The crystalline product was further purified by similar means. Its 
extremely hygroscopic nature rendered analysis difficult. (Found: Cl 15-3%; 
C,,H,,ONCI requires Cl 15-9°%%.) The chloroaurate contained Au 37-32% 
(C,,H,,0N .AuCl, requires Au 37-34%). 

Trimethyl-y-hydroxypropylammonium chloride (homocholine) was prepared 
as follows. Into trimethylene chlorohydrin obtained by the method described 
by Adams [1928] and contained in a thick-walled tube, cooled in a freezing 
mixture, was passed, through a cooled delivery tube, an equimolecular quantity 
of trimethylamine, generated by dropping a concentrated solution of its hydro- 
chloride on to solid NaOH. After being sealed the tube was heated at 95° for 
4 hr. and the product purified as described above. (Found: Cl 23-05, N 8-9 % 
C,H,,ONCI requires Cl 23-13, N 9-1%.) The chloroaurate contained Au 43-05 % 
(C,H,,ON . AuCl, requires Au 43-15%). 

All the esse ntial data are presented in a series of tables concerning which 
some explanatory remarks are necessary. The average weight of the rats used 
throughout this work was about 150 g. and the tables contain a column showing 
the percentage loss or gain in body weight during the period of experiment 
without a record of the initial weights. This column is necessary because loss 
of w eight has to be considered in assessing the significance of the amount of fat 
present in the liver, for some of the choline homologues are very toxic. The 
tables contain also figures of the amounts of the different compounds i ingested, 
while in addition these figures have been converted in the succeeding column 
into their molecular equivalents of choline, in order that accurate comparison 
may be made of the quantitative aspects of their actions compared with that 
of choline. In these two columns, the choline content of the basal diet has been 
ignored because, save for one or two exceptions, the food intake of all the 
groups was sufficiently constant to prevent the intake of choline from the basal 
diet varying to an appreciable extent in the different groups. The tables also 
contain the liver weights expressed as a percentage of the body weights, which 
is necessary because, with the increasing fat infiltration, the liver size increases 
rapidly. In addition, there are presented figures for the absolute amounts of the 
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different lipoids present in the livers of the 100g. rat calculated from the 
percentage liver weight and the percentage fat content of the liver because, with 
the variation in liver size with increasing fat percentage, this absolute weight 
gives the truest picture of the state of affairs. It might be argued that with the 
considerable variations in the fat percentage and size of the live r among different 
individuals of any one group (many examples of which have been previously 
reported from this laboratory, and of which further cases appear later in this 
paper), it is unjustifiable to make such a calculation from analysis of the pooled 
livers. Investigations of this point however, which will be subsequently pub- 


lished, show that any error resulting is insignificant when the groups consist of 


10 animals. 
RESULTS 
Exp. 1. In Exp. 1 the action of choline was compared with that of ‘‘triethyl- 
choline” and homocholine. 


Table I 
Exp. 1. Period of feeding 19 days 
Derivative intake F.A.+U.M. 
Food =e ——<$_—_ 
eaten Base ‘Mol. g. per 
Wt. gain perrat perrat equiv.of Liver liver of 
No.of orloss perday perday choline % body °% fresh 100g. rat 
Group rats % g. mg. mg. wt. liver wt. (calec.) 
Control 10 - 78 8-4 -- — 4-7 28-2 1:31 
+choline 10 + 19 9-5 20-8 20-8 3:3 6-7 0-22 
+“triethyl- 10 - 4:7 8-8 27-8 20-6 3-7 13-8 0-52 
choline” 
+ homocholine 10 —18-8 5-5 13-5 12-1 3-1 6-4 0-20 


Table I shows that the percentages of “‘fat”’ (fatty acids and unsaponifiable 
matter) in the choline and homocholine groups, 6-7 and 6-4 respe a> ly, are the 
same within experimental limits, and that they are some 22 units % less than 
the control figure of 28-2 % , while “‘triethyl- choline” has resulted in a : diffe erence 
of 14 units %. The figures for the amounts of “‘fat”’ in the liver of the 100 g. 
rat also show that the effects of choline and homocholine in the amounts used 
are identical. Thus whereas the fat in the livers of the control group has risen to 
1-3 g. from the normal of about 0-12 g., the livers of the choline and homocholine 
groups contain no more than 0-2 g. Hence these substances have prevented 
1-1 g. “‘fat” appearing in the liver, while ‘triethyl-choline” has caused a lesser 
degree of prevention, 0-8 g. When the figures for the intakes of the different 
compounds are calculated in terms of choline, as is shown in the table, it is seen 
that while the intakes of choline and ‘‘triethyl-choline” are molecularly similar, 
20-8 and 20-6 mg. per rat per day respectively, that of homocholine, 12-1 mg., 
is substantially less. Since the degree of prevention of fat infiltration caused 
by this compound is the same as that of choline, the results imply that homo- 
choline may be considerably more active than choline itself. In this experiment, 
however, the food intake of the homocholine group, 5-5 g. per rat per day, was 
only about 3 that of the control group, 8-4 g., and further the body weight losses, 
18-8 %, were nearly two and a half times greater. While moderate weight losses 
have been found to play no significant part in controlling the fat content of the 
liver, these two factors make deduction somewhat uncertain. 

Exp. 2. In Exp. 2 study was made of the action of the three compounds used in 
Exp. 1, and also of “tripropyl-choline ” in a “‘ cholesterol”’ fatty liver experiment. 
The control, choline and ‘‘triethyl-choline” groups consisted of 19 or 20 animals 
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in contrast to the 10 animals of each of the “‘tripropyl-choline” and homo- 
choline groups, because a larger amount of material was required in these cases 
for other investigations. In Exp. 2 all the animals used were does, because 
previous work [Channon & Smith, 1936] had shown that does reacted more 
readily to the triethyl compound than did bucks. 


Table IT 


Exp. 2. Period of feeding 20 days 


Food Deriv ative intake 
eaten — —_—_—__—— 
Wt. gain per rat Base per Mol. equiv. 
No. of or loss per day rat per day of choline 
Group rats % g. mg. mg. 
Control 20 - 83 8-5 = — 
+ choline 20 - 61 8-1 14-9 14-9 
+“triethyl-choline”’ 19 —11-2 7-2 20-6 15-3 
+“‘tripropyl-choline”’ 10 7-6 8-7 3-7 2-1 
+ homocholine 10 = ~ 194 0 7-4 14-0 12-6 


Table II shows that the weight losses in the homocholine group were again 
considerably greater than in the other groups although the food intake, 7-4 g., 
compared much more favourably with the control, 8-5 g., than in Exp. 1. The 

table shows that the molecular amounts of choline, ‘ ‘triethyl-choline” and 
homocholine ingested did not differ greatly one from the other. The amount of 
“tripropyl-choline”’, 2-1 mg. per rat per day, was deliberately kept low in the 
first experiment with this substance because of the probability of it being highly 
toxic. The detailed analyses of the liver lipoids of the groups are recorded in 
Table IIT. 

Table III 


Exp. 2. Analysis of the livers 


Liver % Choles- Cholestery] 
Group body wt. Lecithin terol oleate Glyceride Total 
Liver lipoids (g. per 100 g. fresh liver) 

Control 4-7 2-48 0-34 5-11 21-75 29-68 
+ choline 3-6 2-33 0-33 3°97 6-63 13-26 
+*‘triethyl-choline” 3:8 2-94 0-28 4-29 11-30 18-81 

“‘tripropyl-choline”’ 4-5 2-44 0-32 5-29 18-00 26-05 
+ homocholine 3-5 3-26 0-31 2-55 3-74 9-86 


Liver lipoids (g. per liver of 100 g. rat cale.) 


Control 47 0-117 0-016 0-240 1-023 1-396 
+ choline 3-6 0-084 0-012 0-143 0-239 0-478 
+ ‘‘triethyl-choline”’ 3:8 0-112 0-011 0-163 0-429 0-715 
+‘‘tripropyl-choline” 4:5 0-110 0-014 0-238 0-810 1-172 
+ homocholine 3-5 0-114 0-011 0-089 0-131 0-345 


Considering both the total percentage of the liver lipoids and the total 
absolute weight of lipoids in the liver of the 100g. rat, it is clear that the 
greatest effect has again been caused by homocholine, whereas “tripropyl- 
choline” has had little, if any, action. Study of the figures for the individual 
constituents shows that the action of all these compounds consists in the main 
of preventing a large increase in the glyceride fraction with a lesser change in 
the cholesteryl ester fraction. Thus the high percentage of the control glyceride, 
21-75, is to be compared with the figure of the choline group, 6-63, and the still 
lower one of the homocholine group, 3-74, while the latter half of the table 
shows corresponding differences in the absolute weights of glyceride in the livers. 
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Since Table II shows that the molecular equivalent of the homocholine ingested 
in terms of choline is 12-6 mg., an amount which has caused a greater decrease 
than occurred in the choline group receiving 14-9 mg. of choline daily, the results 
of this experiment on the “cholesterol” fatty liver confirm those of Exp. 1 on 
the “fat” fatty liver. Once again, however, some doubt is raised by the greater 
weight losses in the homocholine group. ‘‘Tripropyl-choline”’ has had no action 


at the low dosage used. 
Exp. 3. As a result of Exps. 1 and 2 it was decided to attempt to avoid the 


weight losses by decreasing both the homocholine intake and the length of the 
period of the experiment. The choline content of the diet of the choline group 
was correspondingly reduced whilst the amount of “tripropyl-choline” was 
increased in order to attempt to demonstrate a possible action of this compound 
in a greater dosage than had been used in Exp. 2. In this experiment the 
individual livers were studied and the total lipoid represents the chloroform 
extract of the livers dried with anhydrous Na,SQ,; the results are presented 
in Table IV. In this table the mean values for the livers as % of the body 
weight, for the lipoids as % of the fresh liver and for the weight of lipoids in 
the liver of the 100 g. rat are presented as before. In addition, there are recorded, 
following each mean value the extremes of the individual variations. These 
individual variations, which so often occur and which were extensively investi- 
gated and discussed in a previous paper [Channon & Smith, 1936], will not be 
further analysed, because experience in that work in this direction was similar 
to that under discussion. Thus successive experiments with “‘triethyl-choline ” 
in which this type of variation was encountered, resulted in identical findings. 
This fact, together with the consistency of the results of all the experiments 
recorded in the present paper, make it appear reasonable to consider the mean 


values only. 


Table IV 
Exp. 3. Period of feeding 11 days 
Derivative intake Total 
Food A____. lipoid 
eaten Base Mol. Total g. per 
Wt. gain perrat perrat equiv.of Liver lipoid liver of 
No.of orloss perday perday choline % body % fresh 100g. rat 
Group rats % g. mg. mg. wt.  liverwt.  (cale.) 
Control 9 — 68 8-0 — -- 4-6 27-18 1-304 
(3-6-5-3) (11-46) (0-39-2-43) 
+ choline 10 - 18 8-0 9-0 9-0 3-9 12-20 0-486 
(3-6-4-4) (5-19) (0-18-0-83) 
“tripropyl- 9 —10-0 7-8 16-6 9-8 4-5 26-69 1-208 
choline” (3-7-5-6) (20-34) (0-85-1-95) 
+ homocholine 10 -— 65 7-0 8-7 7:8 3°6 10-54 0-384 
(3-2-4-6) (7-14) (0-28-0-63) 


In this experiment the weight losses in the homocholine group were rather less 


than in the control group and even with the “ tripropyl- choline” group, in which 


slightly greater weight losses occurred, no significance is to be attached to them. 
This is thus the first experiment in w hich the possible interference _— factor 
has been overcome. The results of Exp. 3 bear out those of Exps. 1 and 2. The 
lowest level both in percentage and the absolute weight of the liver lipoids is 
caused by an amount of homocholine, 8-7 mg. per rat per day, which corresponds 
to 1: 2 mg. less choline than was received by the choline group, 9 mg. per rat 
per day. Further, increasing the ‘ ‘tripropyl- choline” intake from 3-7 mg. in 
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Exp. 2 to 16-6 mg. in Exp. 3 has had no effect in preventing the liver fat 
deposition, for the small changes in the percentage and amount of liver lipoids 
shown in Table IV are considered to be insignificant. 

Exp. 4. The finding that homocholine was more active in fatty liver pre- 
vention made it possible to carry out Exp. 4 in which the intake of the substances 
was reduced still further. Table V records the animal side of this experiment. 


Table V 
Exp. 4. Period of feeding 14 days 
Food Derivative intake 
eaten ———$— 
Wt. gain per rat Base per Mol. equiv. 
No. of or loss per day rat per day of choline 
Group rats % g. mg. mg. 
Control 9 -4:5 8-2 — — 
+ choline 10 —2-0 9-0 4-7 4-7 
+ “*tripropyl-choline”’ 10 — 6-8 7-9 8-7 5-1 
+ homocholine 10 -7:7 7-0 4-5 3-9 


The data in Table V show that this is in every way a satisfactory experiment 
from the point of view of the weight losses and food intakes. The detailed 
analyses of the liver lipoids are presented in Table VI. 


Table VI 
Exp. 4. Analysis of the livers 
Liver % Choles- Cholesteryl 
Group body wt. Lecithin terol oleate Glyceride Total 
Liver lipoids (g. per 100 g. fresh liver) 

Control 5-0 (3-8-7-0) 2-44 0-272 3-40 23-53 29-64 
+ choline 3-9 (2-9-5-9) 3-21 0-260 2-39 13-78 19-64 
+“‘tripropyl-choline” 4-6 (3-5-6-6) 2-15 0-310 3-50 21-87 27-83 
+ homocholine 3-6 (3-2-4-0) 3-11 0-310 2-99 9-97 16-38 

Liver lipoids (g. per liver of 100 g. rat calc.) 

Control 5-0 (3-8-7-0) 0-122 0-014 0-170 1-279 1-585 
+ choline 3-9 (2-9-5-9) 0-125 0-010 0-093 0-538 0-766 
+“tripropyl-choline’” 4-6 (3-5-6-6) 0-099 0-015 0-161 1-006 1-28] 
+ homocholine 3-6 (3-2-4-0) 0-112 0-012 0-108 0-359 0-591 


The lowest level in the total percentages and the absolute amounts of lipoids 
in the livers has again been caused by homocholine, which was given in an amount 
molecularly less than the choline received by the choline group. ‘‘Tripropyl- 
choline” has again had little, if any, action. Study of the individual constituents 
shows that the main effect of homocholine is like that of choline on the glyceride 
fraction, for 4-5 mg. of homocholine per rat per day have reduced the glyceride 
figure from 23-53 to 9-97 °% while 4:7 mg. of choline have reduced it to 13-78%. 
Similarly while the weight of glyceride in the liver of the 100 g. rat is as high 
as 1-279 g. in the control group, it is considerably less, 0-359 and 0-538 g., in 
the homocholine and choline groups respectively. It is to be observed also that 
homocholine prevents a partial increase in the percentage of cholesterol esters 
in the same way as has already been established for choline itself [Best et al. 
1934]. The figures in Table VI suggest that the action of homocholine on the 
cholesteryl ester fraction is perhaps rather less than that of choline, but these 
figures probably lie within experimental variation since a reverse result was 
obtained in Exp. 2 (Table ITI). 
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Discussion 


Results of the four experiments just described show consistently that homo- 
choline is more effective in preventing fat infiltration both in the “fat” and 
“cholesterol” fatty livers than is choline itself. This is an interesting example 
of a synthetic substance having a greater action than the natural one, for so 
far as we are aware the presence of homocholine in animal tissues has not so 
far been reported. Whilst it would have been satisfactory to have determined 
by a further experiment the minimum amount of homocholine having a demon- 
strable action on liver fat, this particular point was not considered worthy of 
further pursuit. It is clear from the results of Exps. 2 and 4 that the action of 
homocholine on the “‘cholesterol” fatty liver is of the same type as that of 
choline. 

Whilst there are slight indications in Exps. 2 and 4 that “‘tripropyl-choline”’ 
may have a very slight effect in decreasing fat deposition, it is clear that any 
possible action it has is quantitatively negligible compared with those of choline 
or homocholine in the dosage used. This observation is of interest because of 
our experiments with ‘‘triethyl-choline” [Channon & Smith, 1936]. Whilst the 
exact choline equivalent of this latter compound was not accurately determined, 
it probably has at least } of the activity of choline itself. This loss of 4 of the 
activity when the three methyl groups of choline are replaced by three ethyl 
groups is thus greatly accentuated when three propyl groups are substituted, for 
the compound then becomes inactive. The toxicity of “tripropyl-choline”’ made 
it appear useless to pursue the enquiry further by increasing the dosage. 


SUMMARY 
1. The preventive effect of homocholine (trimethyl-y-hydroxypropyl- 
ammonium hydroxide) in controlling the percentage of fat in the livers of rats 
receiving diets which cause either the “fat” or “cholesterol” fatty liver, has 
been studied in four experiments. 
2. All the experiments show that homocholine is more effective than is 


choline. 
3. The nature of the action of homocholine is similar to that of choline in 


that on the “cholesterol” fatty liver the main effect is to decrease substantially 
the glyceride content of the livers and to a lesser extent the cholesteryl ester 
fraction. 

4. Similar studies were made in three experiments with tripropyl-8-hydroxy- 
ethylammonium hydroxide in experiments in which homocholine and choline 
had a profound effect in preventing fat deposition. This compound was without 
action. 

5. This latter result is contrasted with previous findings with triethyl-f- 
hydroxyethylammonium hydroxide which has an action similar to and not 
greatly less than that of choline. 


We wish to express our thanks to the Medical Research Council for a grant 
from which the expenses of this research were defrayed. 
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CCXIX. LOSSES OF NITROGEN FROM 
GREEN PLANTS 


By WILLIAM HAROLD PEARSALL 
AND MERWANJI CAWASJI BILLIMORIA 


From the Botanical Department, the University, Leeds 
(Received 16 August 1937) 


THE possibility that the nitrogen metabolism of plants may involve large losses 
of nitrogen appears to have been overlooked. We drew attention to this possi- 
bility in a preliminary note [1936], Eggleton [1935] has also suggested it, and 
this paper presents data which shows that such losses may exist and suggests 
indeed that they may be of frequent occurrence. The data are drawn from 
experiments on two widely different problems, viz. growth in Chlorella and 
nitrogen metabolism in Narcissus leaves. They are adequate for the present 
purpose though not primarily designed for it. In each case the cells or tissues 
were kept under aseptic conditions in a medium containing glucose and a source 
of nitrogen. Thus gains of nitrogen by the cells and losses by the medium could 
be estimated and a nitrogen balance sheet constructed. 


Analytical methods 


The tissues were rapidly dried by heating to 95° for 30 min. and then to 
constant weight at 65°. Both species are suitable for this method and show no 
discoloration after drying. Total N was estimated by the Kjeldahl-Gunning 
method as described by Ranker [1928]. The micro-apparatus of Pregl [1930] was 
employed with exact standardization of all procedure. The dry material was 
finely powdered and 10-15 mg. were used in each estimation. These were done 
in triplicate. ° 

Ammonia-N and nitrate in the external solution were estimated as follows. 
An aliquot of the solution in the micro-distillation flask was made alkaline (3 ml. 
of N NaOH) and ammonia distilled off with steam into standard acid. The 
flask was then cooled, 0-2 g. Devarda’s alloy added, the outlet closed with an 
acid trap and the solution heated just to boiling for 15 min. The ammonia 
formed was then swept off with steam as before into standard acid. These 
estimates were done in triplicate and with routine blanks on reagents only. The 
total N of the external solution was also estimated by the Kjeldahl-Gunning 
method. This normally gave, in the Narcissus experiments, a somewhat lower 
value than the sum of ammonia-N and nitrate-N, though the difference was not 
significant. This is probably because (as shown by Ranker [1928]) large pro- 
portions of nitrate-N are not easily reduced when sugar is abundant. We have, 
therefore, used the higher estimates. 

The technique was not primarily designed for the examination of soluble 
constituents in the cells, but estimates of nitrate-N, ammonia-N and total 
soluble N were made. The soluble constituents were extracted with cold 60% 
alcohol, the alcohol evaporated and the extract cleared with lead acetate, using 
Na,HPO, as deleading agent. The method described above for ammonia and 
nitrate was used, but the blank for nitrate was taken as the extract, with 
ammonia removed, heated without Devarda’s alloy as described above. This was 
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to allow for the possibility of organic N being decomposed by the alkali used. 
Data are also given below for protein-N and organic N. The former was estimated 
as total N minus soluble N. The organic N was taken as total N minus ammonia 
and nitrate-N. 


(1) Chlorella 


In work on C. vulgaris, the alga (pure culture) is usually grown aseptically 
in mixtures containing equal volumes of the following solutions: 

A. 0-4 g. MgSO, (anhyd.), 1-5 g. NH,NO,, 0-4 g. sodium citrate, 20 g. glucose, 
made up to 11. with distilled water; 3 drops of saturated FeSO, added. 

B. 14-528 g. KH,PO,, 4-646 g. K,HPO, per |. (pH 6-0). 

Each culture flask contains 50 ml. of medium and, therefore, 13-1 mg. of N. 
‘The cultures are grown at 23°. Details of the culture and cropping methods have 
been given by Pearsall & Loose [1937]. When NH,NO, is used as the source of 
N, nearly all the N supplied can be accounted for in the crop and culture medium. 
There is, however, evidence of a small loss of N of about 0-5 mg. per culture 
under these conditions [1937]. Bristol & Page [1923] have also shown that 
“luxuriantly growing” cultures of various algal species exhibit a small N loss 
of a similar order of magnitude when grown on glucose-inorganic N media. 
According to their data more slowly growing cultures did not show this loss, and 
it appeared to be more marked in nitrate cultures than when only ammonium 
salts were used. Further, Leeds cultures of Chlorella when grown on other 
inorganic N sources, such as Ca(NO;), and NH,Cl, showed small N losses of a 
similar order of magnitude. All these cultures would be “‘luxuriantly growing ”’. 
Generally, when these cultures approach their maximum dry weight (250- 
300 mg.) about 8 mg. of N may be present in the cells and 3-5-4-5 mg. in the 
medium. Miss F. M. Gatenby observed, however, that when NaNO, was used 
as a source of N in the dark, all the nitrate-N might disappear from the medium 
even before the cultures had reached maximum dry weight. It was evident 
from her results that either the cells must be exceptionally rich in N or else 
that abnormally large losses of N had taken place. 

Hence additional cultures were grown in the usual glucose media but with 
NaNO, (13 mg. of N per flask) instead of NH,NO,. Cultures were kept both in the 
light and in the dark at 23°, and to make them comparable they were harvested 
when they possessed similar weights. The mean dry weight per culture (average 
of six cultures) was: light, 152 mg. in 11 days; dark, 141 mg. in 28 days. The N 
balance sheets for these cultures are given below. 


N recovered and lost in Chlorella cultures (as mg. per culture) 


N in culture medium 





N — ~ Nin N 

supplied* Total N Nitrate-N cells lost 
Dark 13-0 1-15 0-62 3-40 8-45 
Light 13-0 8-12 7-67 4-07 0-81 


* Estimated. 


It is evident from these results that very large losses of N may take place 
in NaNO, media in the dark, almost two-thirds of the N supplied being un- 
accounted for in the analysis. The N unaccounted for in the light is possibly 
somewhat greater than when NH,NO, is used but of a similar order of magnitude. 
The experimental error is not more than 0-1 mg. on any estimation, that is, a N 
loss of 0-2 mg. would not be significant. The results have been checked by deter- 
mining total N of medium + cells without separating them. 
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For short-period experiments, Warburg & Negelein [1920] have shown for 
Chlorella that the rate of nitrate reduction in the light is 4-5 times greater than in 
the dark, while, for cultures comparable with those above (in NH,NO,), Loose & 
Pearsall [1933] found the rate of protein synthesis to be 4-5 times greater in 
light. It is therefore remarkable to find much more nitrate utilized in the dark 
in the above experiments. Thus 12-38 mg. of nitrate-N were converted in the 
dark and only 5-33 mg. in the light. The cultures were, however, exposed for 
very different times. 

We assume that the curves of growth in weight of the cultures are of similar 
form in the light and the dark but differ only in rate. Unpublished results show 
that this is sufficiently true for our present purpose. As the final weights are 
similar in the above experiments, the relative rates of N utilization per unit of 
cell weight must be proportional to time and they will be of the following orders 
of size: dark, 0-442 (12-38/28), and light, 0-45 (5-33/11). 

Allowance should be made for the fact that the dry weight of the illuminated 
cultures was slightly higher than that of the cultures in the dark (152: 141), 
that is, that their time for growing to 141 mg. should be slightly less than 11 days 
(about 10-5 days). Even so, it is clearly improbable that the rate of nitrate utiliza- 
tion differs very greatly in the light and in the dark, while in contrast, and on the 
same basis, the relative rates of N loss are of quite different orders of magnitude, 
viz. dark, 0-301 (8-45/28) and light, 0-074 (0-81/11), and are clearly much higher 
in the dark. This effect, which has only been observed with NaNO,, may possibly 
be due to the special effects of the Na ion, such as, for example, an increase in 
protoplasmic permeability. Whatever the nature of this effect may be however, 
it appears to be largely removed by light. 

Thus the data for Chlorella appear to indicate that N losses are normally 
small but may be very large when the cultures are grown in NaNO, in the dark. 


(2) Narcissus leaves 


The data for leaves were obtained when leaves of NV. pseudonarcissus (“single ” 
flowered) were floated on nutrient media. The standard medium contained 3% 
glucose, 0-2 °% NH,NO, and a phosphate buffer at pH 5-4 (8-7168 g. KH,PO, and 
0-4648 g. K,HPO, per 1.). The medium was used in a depth of 1-5 cm. in large 
conical flasks. These were, when necessary, illuminated from below by 100 W. 
daylight lamps, the temperature being controlled to within 1° by a surrounding 
water-bath. 

Twenty similar leaves were used in each series. They were divided into four 
segments: (1) the white basal meristematic portion, (2) the extending tissue just 
above, also becoming coloured, (3) the lower part of the fully green tissue, (4) the 
apical and oldest segment. One type of segment was taken for each deter- 
mination, and each experiment consisted of four different types of leaf segment 
in four separate lots of medium. Before starting the experiment, each segment 
was split longitudinally and one-half was taken for analysis to represent the 
original condition of the segments. Samples were weighed and all data can be 
given as % of the original fresh weight. 

The technique used was devised to permit estimates of changes in the 
leaves and the external medium. The leaves were sterilized by washing in cal- 
cium hypochlorite for 10 min. [Wilson, 1915]. The danger of bacterial infection 
was reduced by using a medium at pH 5-4. This was sterilized by autoclaving 
and aseptic methods were employed throughout. The experiments normally 
ran for 60 hr., but the medium and tissue could be maintained without visible 
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(microscopic) infection for 6-7 days. The medium rapidly becomes turbid on 
infection, and infection can normally be detected a day after it occurs. The 
material is not exposed again to contamination after it is set up, and hence its 
purity or otherwise can easily be seen after 60 hr. 

Typical results are given below showing the fate of the N in the medium 
during experiments with NH,NO,. The first series deals with young but mature 
leaves and the second with older leaves from plants in full flower. In each case, 
one set of experiments was done in the light and a comparable series in the dark; 
using leaves of similar size and appearance. 


Table I 











mg. N 
Original —_ -_— — —~ 
fresh wt. Gained by Lost by Unaccounted 
Segment g. tissue solution for 
Series I. Young leaves—16 +1° 
Light 1 Base 13-27 14-55 19-25 4-70 
2 16-52 24-63 31-29 6-66 
3 12-85 20-40 36-49 16-09 
4 Apex 6-93 6-07 22-99 16-92 
Dark 1 Base 9-31 7:35 10-48 3-13 
2 13-92 7-90 12-87 4-97 
3 13-01 13-05 19-50 6-45 
4 Apex 6-40 5-11 10-40 5-29 
Series IT. Older leaves—fully mature—22 +1-0 

Light 1 Base 16-00 10-70 19-30 8-60 
2 17-47 28-76 36-55 7-79 
3 12-50 16-79 34-32 17-53 
4 Apex 9-27 1-82 27-27 25-45 
Dark 1 Base 16-380 6-32 17-63 11-31 
2 16-497 8-06 21-47 13-41 
3 12-031 1-80 17-26 15-46 
4 Apex 6-780 —6-17 8-36 14-53 


These results show that a considerable part of the NH,NO, absorbed cannot 
be accounted for in the analyses. As one criterion of the accuracy of the deter- 
minations we use similar results by this method in which organic sources of N 
were employed (urea, alanine, asparagine). With these sources of N, the amounts 
gained by the tissue agree with those lost by the medium, to within 1 mg. A 
similar variation was obtained in solutions of nitrate alone (see below). We 
conclude, therefore, that when NH,NO, is used, a real and relatively large loss 
of N from medium and tissue can be demonstrated. 

The possibility exists that NH,NO, might be decomposed in the presence of 
organic matter, especially if light is supplied. To test this possibility, sterile 
media without leaf tissue were prepared and exposed in the usual manner, three 
samples in the dark and three in the light. Each sample contained originally 
69 mg. of ammonia-N and an equal amount of nitrate-N calculated on the weighed 
dry salt, and estimated for each form of N to within 1 mg. by analysis. The 
ammonia-N and nitrate-N were again estimated after 3 days’ exposure. Again 
the amounts of N recovered after this time lay within 1 mg. of the original cal- 
culated values. 

It is not probable that bacteria were present in sufficient numbers to cause 
these relatively large losses of N. When the tissue was removed aseptically, 
after being in the medium for a day, the medium showed (within the stated 
limits of experimental error) no further loss of N. The possibility is not pre- 
cluded that some bacteria exist on or in the tissue, but scraping the tissue with 
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a sterilized platinum wire and transferring the scrapings to nutrient media gave 
only occasional infection and suggested that the tissues were, if not always 
bacteria-free, certainly not always infected and apparently never heavily in- 
fected. Hence we think that the N losses are due to the tissues of the leaves. 

In regard to the causes of the N losses, the following table is of interest, in 
which the results are recalculated as amounts lost by a constant weight of 
tissue. 

Table II. Mg. N absorbed from the medium and lost in the 
experiment (by 10 q. of tissue) 








Series I Series IT 
Dark Light Dark Light 

ee + c ‘ oe 

N N N N N N N N 
Segment absorbed lost absorbed lost absorbed lost absorbed lost 
1 Base 9-76 2-91 14-48 3-54 10-74 6-0 12-07 5-38 
2 9-25 3-57 18-93 4-03 13-01 8-12 20-88 4-45 
3 14-99 4-97 28-42 12-52 14-63 13-10 27-43 14-01 
4 Apex 16-24 8-27 33-15 24-40 12-16 21-13 29-44 27-47 


These results show that the largest losses are observed in the light, the 
difference being most marked in the younger series of leaf segments (I). No 
doubt this is due in part to the fact that the illuminated leaves absorb much 
greater relative amounts of N from the solution. 

The age of the leaf segment, however, has also a pronounced influence on 
the N loss. The losses are heaviest in the oldest segments (apical). These are 
mature and green and, on the whole, the light effects tend to be greatest in 
them. In the colourless basal segments (youngest) light has comparatively little 
effect. 

The results suggest then that the N loss is in some way dependent upon the 
amount of N absorbed and also upon the internal metabolism of the leaf seg- 
ment as reflected by its age. In leaf segments under these conditions, protein 
synthesis is confined to the two basal segments, while the apical ones may show 
protein hydrolysis (results in course of publication). The N losses are, therefore, 
greater in segments showing protein hydrolysis and presumably depend also 
on some product of protein hydrolysis. Examples are given below. 

We have, in all, twelve series of results, each of four samples, giving data for 
losses of N from media containing inorganic N. Data for KNO,, NH,Cl and 
ammonium tartrate solutions containing a similar weight of N are given below. 


Table III. Absorption and losses of N (in mg. per 10 g. leaf 
tissue) in the dark 





KNO, NH, Cl Ammonium tartrate 
Segment N aheosienl N lost N absorbed N lost N absorbed N lost 
1 Base 13-51 3°54 12-08 6-80 13-16 5-2% 
2 8-23 2-68 10-94 5-63 7-04 1-51 
3 9-53 3°75 13-98 5:88 14-13 5-27 
4 Apex 12-92 8-02 16-68 13-31 21-79 11-55 


All of these show losses of a similar order of magnitude. No losses are detected 
when using organic sources of N, urea, asparagine and alanine. It appears, 
therefore, that the mechanism of N loss is associated in some way with the 
transformation of inorganic N. 
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While analytical evidence as to the fate of the N absorbed is available, it 
usually throws little light on the causes of the N loss. We shall consider, there- 
fore, simply a few typical examples which may be informative in this respect. 
These include the two extremes (a) where proteolysis and large N losses occurred, 
(6) where marked protein synthesis was observed. The data are calculated on 
10 g. of tissue for convenience and the experimental error is indicated. For 
protein and total soluble N, estimates on replicate half-leaf samples agree to 
within 3%. This on the weight of protein-N estimated is given as the error for 
gains or losses of protein-N. The internal ammonia and nitrate estimations are 
subject to an error of 2%, (from replicate samples). As no nitrate is usually 
present in the original leaf, gains of nitrate are subject to the single error. 

Example A. (Apical segments in the dark in solutions containing KNO, as 
source of N, Table III.) In this case, 12-9+0-5 mg. of nitrate-N were removed 
from the medium, of which 9-2 + 0-2 mg. were found in the plant tissue. Hence 
3-7+0-7 mg. of nitrate-N were converted into something else. There was no 
significant change in ammonia-N. 

The tissue lost 7-4+2-0 mg. of protein-N and 4:3+2-0 mg. of organic N. 
The total loss of N by medium and tissue was 8-0 mg. Approximately half of 
this appears to be derived from the inorganic source and half from the tissue, the 
latter being presumably derived from products of protein hydrolysis. 

Example B. (Taken from Series II above, using apical (oldest) segments in 
the dark and in NH,NO,.) The total inorganic N absorbed by 10 g. of original 
fresh tissue was 12-2+0-5 mg. (3-8+0-2 mg. ammonia-N and 8-4+0:3 mg. 
nitrate-N). Of this amount, the leaves contained 1-9+0-3 mg. (1-3+0-2 mg. 
ammonia-N and 0-6 mg. nitrate-N). Hence 10-2+0-8 mg. of inorganic N were 
converted or lost. 

The total loss of N by medium and tissue was 21-1 + 1-0 mg. and 10-9 + 1-6 mg. 
of organic N were lost by the leaf tissues, that is to say that once again about 
half the loss was derived from the inorganic N absorbed and half from the 
organic N in the leaf. As in example A, protein hydrolysis occurred, the loss of 
protein-N being estimated as 8-5+1-5mg. Here again therefore the loss of 
organic N might fall mainly on products of protein hydrolysis. 

Example C. (Apical segments, in the dark and with NH,Cl as the source of 
N, Table III.) The ammonia-N absorbed from the medium was 16-7 + 0-5 mg., of 
which 2-5+0-2 mg. remained as such in the tissue. The latter also gained 
0-9 + 0-02 mg. of nitrate-N, the original tissue having (as is usual) none of this 
fraction. (The production of nitrate from ammonia was observed in all samples 
of daffodil leaves in NH,Cl.) Thus 13-3+0-7 mg. of inorganic N were converted 
into other forms. The total loss of N from the medium and tissue was 
13-0+0-5 mg., that is, about the same as the inorganic N converted. Hence we 
have either to assume that the inorganic N was wholly lost, or else to argue from 


examples A and B that one-half of the N loss (6-5 mg.) came from products of 


protein hydrolysis, and half from the inorganic N. 

In agreement with this latter assumption is the fact that the protein-N 
decreased by 7-5+1-7 mg. In this case about 6-8 mg. of inorganic N must have 
been built up into forms of organic N such as amides. The total organic N 
remained unchanged. 

Example D. (Taken from Series II, second segments (zone of elongation) 
in ammonium nitrate and in the light.) While the preceding examples represent 
cases where N losses and protein hydrolysis predominate, the present one is the 
example giving least N loss and most protein synthesis of those examined. In 


this case, 10 g. of tissue absorbed 20-9 + 0-4 mg. N from the solution (8-3 mg. of 





—— 
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ammonia-N and 12-6 mg. of nitrate-N). No nitrate was present in the tissue but 
5:-5+0-2 mg. of ammonia-N were gained. (The facts presumably demonstrate 
the rapidity with which nitrate is converted in young tissues in the light.) The 
tissue gained 16-4 + 1-1 mg. of total N, showing a gain of 10-9 mg. of organic N. 
The gain of protein-N amounted to 5-4+0-9 mg. The total N loss by tissue and 
medium was 4:45+1-0 mg. In this case, then, we may say approximately that 
of four parts of inorganic N absorbed, one remained as such in the tissue, one 
was lost, one became protein and one was present as some other form of organic 
N. While such examples as this are of interest in showing the considerable N 
losses in an actively synthetic tissue, they throw little light on the source of the 
N losses and hence no further example will be given. 


Discussion 


As no N losses are observed when organic sources of N are used, the mechanism 
of N loss must involve one of the stages of conversion of inorganic N. Warburg 
& Negelein [1920] have shown with Chlorella that nitrate is reduced via nitrite 
to ammonia. The existence of a similar process has been demonstrated in higher 
plants though details as to ammonia production are less complete. In particular, 
Eggleton [1935] has shown the presence of nitrites in leaves engaged in nitrate 
reduction and has, incidentally, also suggested that their presence may lead to 
losses of N in the manner described below. We assume, therefore, that nitrate 
reduction in acid media proceeds 


HNO, — HNO, = NH. 


Our experiments with NH,Cl show that the process may be reversible. 
The presence of nitrous acid in tissues containing monoamino-N should lead 


to the production of free N: 
HNO,+R&.CH.NH,COOH — N,+ H,O0+2.CH.OH.COOH. 


Van Slyke [1912] has pointed out that, in vitro, this reaction is extremely 
rapid, whilst by contrast the reaction between nitrous acid and ammonia or 
asparagine amide-N is extremely slow. 

The fact that nitrous acid may be formed in suitable quantities was shown 
some years ago by Irving & Hankinson [1907]. They immersed Elodea in solutions 
of nitrate and asparagine (as a source of monoamino-N) and proved the pro- 
duction of gaseous N. They interpreted their results simply as showing the 
presence of a nitrate-reducing enzyme and the production of nitrite. Clearly, 
however, the nitrite in the tissues must be present as nitrous acid and there 
seems no reason why it should not react with any amino-N present in the tissues. 
Our own and the other experimental results me sntioned could all be combined in 


the following scheme: 
HNO. == HNO, == NH, — amide-N 


| \| 
<——amino-N = <= protein-N 





N, lost 


In this, equal amounts of amino-N and nitrite-N would be degraded when N 
is lost. 

It will be observed that in older tissues, tending towards protein hydrolysis, 
an abundant supply of nitrates (undergoing reduction) will tend to increase the 
rate of N loss (cf. Table II and examples A and B). Further, the existence of 
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N losses when ammonium salts are supplied, would, on this hypothesis, be a 
proof of the oxidation of ammonia apart from the evidence given in example C. 
Finally, when upgrade processes predominate (as in example D) all of the N 
loss might fall upon freshly synthesized amino-N and nitrites accumulating 
during reduction. 

The question arises as to whether the plant tissues we used are sufficiently 
acid to permit the presence of free nitrous acid. The work of Barritt [1931] bears 
upon this question. He found that the process of N loss here postulated may 
be brought about by bacteria and that it occurs in soils where-amino-acids and 
nitrites are produced simultaneously by bacterial action. According to Barritt 
no such reaction appears to take place if the pH of the medium is above 6-0. 
In this connexion, it may be recalled that the nutrient medium in our experi- 
ments was buffered at pH 5-4 for daffodil leaves, and at pH 6 for Chlorella, in 
which large N losses were only observed in one type of medium. The expressed 
sap of the daffodil leaves used has a reaction of pH 5-2-5-6. The internal pH of 
Chlorella appears to lie in a similar range. The available data on our interpre- 
tation thus agree with Barritt’s results. 

Our results would agree equally well with the assumption that N losses 
originate from the decomposition of ammonium nitrite. It would be necessary 
merely to assume in examples A and B that amino-acids were oxidized to yield 
ammonia. Apart from the evidence of Van Slyke that ammonia and nitrous acid 
decompose relatively slowly under his conditions, Barritt [1931] has also con- 
sidered this possibility and concludes that this reaction does not take place at a 
measurable rate at ordinary temperatures. We therefore assume that this 
reaction is of negligible importance in our experiments. 


SUMMARY 


1. Under certain conditions and when inorganic sources of nitrogen are 
supplied, plant tissues may lose considerable amounts of nitrogen. 
2. These losses are greatest in older tissues where proteolysis is in progress. 


3. A mechanism from which nitrogen loss may result is suggested. 
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THOUGH analyses of the amino-acids present in caseinogen and lactalbumin of 
cow’s milk have been frequently made, analyses of the corresponding proteins 
of woman’s milk are lacking. The reason is probably the difficulty of procuring 
sufficient woman’s milk for the preparation of an adequate quantity of each 
protein for analysis. Through the kind help of the Directors of the Mothercraft 
Training Society it has been possible to collect sufficient woman’s milk to make 
from 10 to 20 g. of each of the proteins. These proteins have been analysed for 
those amino-acids which can now be quantitatively estimated. At the same time 
the proteins of cow’s milk have been prepared and analysed concurrently so as 
to obtain comparative figures. This research has arisen from the question whether 
the nutritive value of the proteins of cow’s milk, generally diluted with an equal 
volume of water, is equal to that of undiluted woman’s milk. With the receipt 
of many samples of woman’s milk the opportunity was taken of recording the 
distribution of the nitrogen as caseinogen, as lactalbumin and as non-protein 
nitrogen, as well as the calcium and total and inorganic phosphorus. The several 
samples of caseinogen and lactalbumin have also been analysed for their 
nitrogen, sulphur and phosphorus contents. A summary is given of the various 
amino-acids in the proteins and in woman’s and cow’s milks. 


EXPERIMENTAL 


Determination of nitrogen of caseinogen, lactalbumin, the non-protein 
nitrogen and the calcium and phosphorus of woman's milk 


Quantities of 100-200 ml. of woman’s milk were received several times a 
week. Only occasional analyses of the first series of samples were made, but 
every sample of the second series was analysed for the nitrogen of the two 
proteins, non-protein nitrogen, calcium and phosphorus. This distribution serves 
well as an indication of genuine woman’s milk. 

1 ml. of milk was used for determination of total N. 5 ml. were diluted with 
water, acidified with 1 ml. of 0-5 N acetic acid, the volume made to 50 ml. and 
the caseinogen and fat filtered off. Of the filtrate 5 ml. (=0-5 ml. milk) were 
taken for determination of N (=lactalbumin+non-protein-N), and 40 ml. were 
treated with 40 ml. of 10% trichloroacetic acid and the lactalbumin filtered off. 
60 ml. of this filtrate (=3 ml. milk) were taken for determination of non- 
protein-N. All nitrogen estimations were made by the semi-micro-Kjeldahl 
method. 
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1 ml. of milk was used for determination of total phosphorus by the semi- 
micro-method of Plimmer [1933], and 10 ml. of the trichloroacetic acid filtrate 
were used for determination of inorganic phosphorus by the same method. 

1 ml. of milk was oxidized with 2 or 3 drops of H,SO, and HNOs, the residue 
diluted and precipitated with ammonium oxalate and ammonia. The calcium 
oxalate after filtering and washing with ammonia was dissolved in dilute HCl 
and titrated with N/20 KMnQ,. 

In the 31 samples thus analysed the highest, lowest and mean figures were: 


g. per 100 ml. woman’s milk 


Total N 0-245 and 0-155 Mean 0-191 
Caseinogen-N 0-085 0-020 0-046 
Lactalbumin-N 0-140 0-062 0-099 
Non-protein-N 0-068 0-037 0-047 
Calcium 0-060 0-020 0-040 
Phosphorus, total 0:024 0-011 0-016 
Phosphorus, inorganic 0-013 


These figures for partition of nitrogen correspond with those of Scott [1934] 
who found 0-213 and 0-177 for total N and 0-063 and 0-033 for non-protein-N. 
There is a considerable variation in the different amounts. 

The ratios of the different forms of nitrogen are: 


Caseinogen-N: lactalbumin-N =1: 2-15 
Caseinogen-N: non-protein-N =1:1 
Lactalbumin-N: non-protein-N =2: 1 


Six samples of cow’s milk analysed in the same way showed: 


g. per 100 ml. cow’s milk 


Total N 0-495 and 0-485 Mean 0-490 
Caseinogen-N 0-365 0-320 0-347 
Lactalbumin-N 0-127 0-085 0-102 
Non-protein-N 0-050 0-033 0-042 
Calcium 0-150 0-133 0-140 
Phosphorus, total 0-106 0-097 0-101 
Phosphorus, inorganic 0-085 0-079 0-082 
Caseinogen-N:lactalbumin-N =3-27: 1 
Caseinogen-N: non-protein-N =83 :1 
Lactalbumin-N: non-protein-N =2-4 :1. 


There is little variation in commercial samples of cow’s milk. 


Preparation of caseinogen and lactalbumin 


The samples of woman’s milk, in portions of 100-500 ml. were centrifuged 
to remove the fat. A small amount of the caseinogen separated with the fat. 
The aqueous portion after straining through glass-wool was diluted with 2-3 
volumes of warm tap water and acidified with 1/10 of its volume of 0-5 NV 
acetic acid. The precipitate of caseinogen was filtered off on two or three filter- 
papers of 15 cm. diameter and in the course of 24 hr. had completely drained 
from the solution. It was suspended in water and dissolved in 10-20 ml. of 
0-5 N sodium carbonate and filtered clear through the same papers. The clear 
solution was acidified with a slight excess of 0-5 N acetic acid and the caseinogen 
again filtered off. Solution and reprecipitation were repeated twice. The 
caseinogen was then soaked in 75% alcohol, 90% alcohol, absolute alcohol 
twice, filtered off, washed with ether and dried in vacuo over sulphuric acid and 
sodium hydroxide. 
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The filtrate containing the lactalbumin, in the case of the first 18 samples 
was partially neutralized with 15-20 ml. 0-5 N sodium carbonate and boiled 
for 5 min. The solution then had pH 5-5-6. In the case of the second 17 portions 
the filtrate was not partially neutralized. The coagulum of lactalbumin was 
washed with boiling water, soaked in 75% alcohol, 90% alcohol, absolute 
alcohol twice, filtered off, washed with ether and dried in vacuo over H,SO, 
and NaOH. 

The yields of caseinogen were from 0-2 to 0-4%, and of lactalbumin from 
0-3 to 0-5%. Altogether 13 g. of caseinogen and 18-6 g. of lactalbumin were 
obtained from the first 18 portions totalling 5095 ml. and 8-7 g. of caseinogen 
and 9-4 g. of lactalbumin from the second portions totalling 3135 ml. The lower 
yield of lactalbumin is accounted for by the non-neutralization of the solution 
before coagulation. 


Analyses of the samples of caseinogen and lactalbumin 
Each of the samples of the proteins was dried at 100° in vacuo over P,O;. 
The nitrogen, phosphorus, and sulphur contents were determined by semi-micro- 
Kjeldahl, semi-micro-phosphorus [Plimmer, 1933] and semi-micro-sulphur 
[Pirie, 1932] methods. The analytical figures showed distinct variations. The 
highest and lowest data only are shown: 


Woman’s milk 


Caseinogen Lactalbumin 
% All mixed % All mixed 
First 18 lots 
N 13-96 to 14-98 14-70 N 14-24 to 15-26 14-94 
P 0-42 0-73 0-45 P 0-01 0-31 0-09 
Ss * 0-79 Ss * 1-71 
Second 17 lots 
N 14-20 to 14-83 14-37 N 14-10 to 14-77 14-57 
Pp 0-41 0-53 0-45 29 0-07 0-23 0-16 
S 0-64 1-02 0-78 Ss 1-37 1-81 1-65 


* These analyses were made by the Benedict method and are not reliable. 


The variation in the N, P and S contents of the samples would be in agree- 
ment with the results of the experiments of Linderstrom-Lang [1929] on 
caseinogen, that it consists of hetero-molecular substances, or a more or less 
homogeneous mixture of several colloidal molecules following a co-precipitation 
system. 

A similar variation in the N, P and S contents was shown by a series of the 
proteins prepared from cow’s milk: 


Cow’s milk (six samples) 
Lactalbumin 


Caseinogen 
% All mixed* % All mixed 
N 14-51 to 14-99 15-24 N 14-17 to 14-50 14-23 
} 0-76 0-87 0-84 rE 0-07 0-30 0-19 
8 = 0-65 8 1-32 1-62 1-52 


* Dried again over P,O,. 


Hydrolysis of the proteins 
With the limitation of the quantities of the proteins to 10-15 g. only those 
methods requiring from 1 to 5g. of material for analysis could be employed. 
Comparison of the contents of the amino-acids was made (1) by the Van Slyke 
method of nitrogen distribution, (2) by the Block method for the diamino-acids, 
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(3) by the Folin-Looney-Ciocalteu method for tryptophan and tyrosine, (4) by 
the Baernstein method for cystine and methionine, (5) by the Folin-Marenzi 
method for cystine. 

(1) Nitrogen distribution of the amino-acids. The analyses of the proteins 
were carried out by the procedure adopted by Plimmer & Rosedale [1925]. It 
has been found that in the amino-nitrogen determination better results are 
secured with 2-8 N HCl (2 ml. cone. HCl to 5 ml. H,O), and that lysine then 
reacts quantitatively on standing for half an hour followed by 5 min. shaking 
at 11° [Plimmer & Lowndes, 1938]. The results, expressed in the usual way in 


percentages of the total nitrogen, were: 


Distribution of nitrogen of amino-acids 








Caseinogen Lactalbumin 

———— am = 

Cow’s Woman’s Cow’s Woman’s 
Amide-N 11-70 11-82 8-73 9-04 
Humin-N 0-68 0-79 0-81 1-69 
Arginine-N 7-77 7-11 7:23 10-62 
Histidine-N 2-61 1-96 3°85 1-20 
Lysine-N 11-77 7-92 10-91 13-05 
Monoamino-N 60-94 59-97 66-02 63-50 
Non-amino-N 6-41 9-24 265 201 
Total 101-88 98-81 100-20 101-11 





There is a distinct difference in the amounts of humin-N in the lactalbumins. 
Also arginine-N is greater in woman’s lactalbumin than that of the cow. The 
data for histidine-N and lysine-N must be regarded with caution. They show 
greater differences after calculation in terms of g. amino-acid in 100 g. protein. 
The quantities of these amino-acids in the proteins are obtainable from the 
nitrogen contents of the solutions and of the amino-acids and proteins re- 
spectively: 
Nitrogen contents of the solutions 


Caseinogen Lactalbumin 
ee — = eo eee 
Cow’s Woman’s Cow’s Woman’s 
Total N 0-3025 g. 0-2673 g. 0-2905 g. 0-2805 g. 
Arginine-N 0-0235 0-0185 0-0262 0-0295 
Histidine-N 0-0079 0-0052 0-0112 0-0034 
Lysine-N 0-0356 0-0212 0-0317 0-0366 
Amino-acid content of the proteins 
Caseinogen Lactalbumin 
es a eh sf A, 
Cow’s Woman’s Cow’s Woman’s 
a —™ ee ce ——y Nemec 
g. % g- % g- % &- % 
Protein 1-9849 a 1-8184 -- 2-0414 — 1-9493 — 
Arginine 0-0730 3-68 0-0575 3-16 0-0814 3-99 0-0917 4-70 
Histidine 0-0291 1-47 0-0192 1-05 0-0413 2-02 0-0126 0-65 
Lysine 0-1857 9-36 0-1146 6-30 0-1654 8-11 0-1909 9-79 


The values for arginine compare favourably with those by the Block method 
(see below). The values for histidine are lower; that in the case of woman's 
lactalbumin must be erroneous. There is no correspondence in the values for 
lysine. It is generally considered that other amino-acids are precipitated by 
phosphotungstic acid and are included in the figure for lysine by Van Slyke’s 
method. A further examination of the diamino-solutions has been made by us, 
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and in the mono-amino-fraction we have found that tyrosine can be estimated 
by the colorimetric method [1938]. 

(2) Estimation of the diamino-acids by Block’s method. The four proteins were 
analysed by the shortened Vickery-Leavenworth method [1928] described by 
Block [1934]. The experiments were performed as far as possible concurrently 
for each kind of protein exactly as stated by Block. The completion of the 
numerous operations of the process took longer than 8 hr., the working time 
mentioned by Block. It was observed that the lysine solution became distinctly 
yellow on the addition of conc. H,SO, before precipitation by phosphotungstic 
acid owing to the action of nitrous acid on tyrosine and that the lysine phospho- 
tungstate was yellow, though the colour was mostly removed during washing. 
It is believed that the values for lysine may be low in consequence of the 
presence of nitrous acid (from AgNO,). The amounts of the diamino-acids 
isolated as flavianates or picrate were always less than expected from the 
amounts of nitrogen in the fractions. The following figures of the analyses are 
from the nitrogen contents: 





Caseinogen Lactalbumin 
co —, 
Cow’s W oman’ ~ Cow’s Woman’s 

of o/ o/ 

/O % /0 /O 
Arginine 3-73 3-58 4-01 5-03 
Histidine 1-67 1-52 1-82 1-66 
Lysine 6-13 5-46 6-27 6-57 


~ The only differences are 1% more arginine in woman’s lactalbumin and 
0-6 % more lysine in cow’s caseinogen. 

(3) Estimation of tryptophan and tyrosine. The colorimetric estimation of 
these two amino-acids was described by Folin & Looney [1922]. The procedure 
was improved by Folin & Ciocalteu [1927]. 

Folin & Looney hydrolysed the protein with barium hydroxide, Folin & 
Ciocalteu with sodium hydroxide. In our experience hydrolysis of the protein 
with NaOH causes a large destruction of tryptophan. Hydrolysis was therefore 
effected with Ba(OH),. The hydrolysed solutions of the proteins after treatment 
with sulphuric acid and filtration were then treated as stated by Folin & 
Ciocalteu. Both ways of estimating tryptophan were used, and tyrosine was 
estimated by the blue colour reaction with the phenol reagent and by the 
Millon reaction. The data were: 





Caseinogen Lactalbumin 
; oor E on ‘i ‘ 
Tryptophan: % % % % 
By NaCN 1-36 0-99 1-90 2-42 
HgS — 1-10 — 2-52 
Mean 1-36 1-05 1-90 2-47 
Tyrosine: 
By Millon 5-80 5-41 3-54 4-51 
Phenol reagent 5-79 5-49 3-74 4-45 
Mean 5-80 5-45 3-64 4-48 


There is no great difference between the two caseinogens, but both tryptophan 
and tyrosine are greater in woman’s lactalbumin. We have found that the 
tryptophan in these solutions can equally well be estimated by bromination [1938]. 

(4) Estimation of methionine and cystine. These amino-acids have been 
determined in the four proteins by the latest procedure of Baernstein [1936]. 
The only alteration that has been found necessary is in the removal of the 
hydriodic acid. Instead of distilling off through the upright condenser, it was 
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boiled off through a short adapter piece to the second condenser. The quantities 
of these amino-acids in the proteins were found to be: 





Caseinogen Lactalbumin 
\ et oo eee ee —__—— > 
Cow’s Woman’s Cow’s Woman’s 
Oo o/ 0. oO 
Oo /O Oo o 
Cystine 0-36 0-60 3°31 4-14 
Methionine 2-89 2-70 2-29 1-40 


There are differences especially in the lactalbumins. 

(5) Estimation of cystine colorimetrically. The amount of cystine in the four 
proteins has also been determined by the colorimetric method of Folin & Marenzi 
[1929] with the special uric acid reagent. We have found the colour matching 
more troublesome than with tyrosine and tryptophan. The colours seemed to 
develop unequally and fade rather rapidly. The values were lower than by the 


Baernstein method. exes : 
Caseinogen Lactalbumin 











Cow’s Woman’s Cow’s Woman’s 


0 Oo 0 Oo 
oO oO oO o 


Cystine 0-29 0-51 2-55 2-87 





Summary of the contents of amino-acids in proteins of milk 


The various data for the proteins of cow’s and woman’s milk are summarized 
in Table I. 





Table I 
Caseinogen Lactalbumin 
Cow’s Woman’s Cow’s Woman’s 

o/ 0 0 0 

/0 oO Oo Oo 
Nitrogen 15-24 14-37 14-23 14-57 
Sulphur 0-65 0-78 1-52 1-65 
Phosphorus 0-84 0-45 0-19 0-16 
Arginine 3°73 3-58 4-01 5-03 
Histidine 1-67 1-52 1-82 1-66 
Lysine 6-13 5-46 6-27 6-57 
Tryptophan 1-36 1-05 1-90 2-47 
Tyrosine 5-80 5-45 3-64 4-48 
Cystine 0-36 0-60 3-31 4-14 
Methionine 2-89 2-70 2-29 1-40 


Comparison of the amounts of the constituents of cow’s and woman's milk 


By taking the mean values of 2-28 g. caseinogen and 0-71 g. lactalbumin in 
cow’s milk and 0-32 g. of caseinogen and 0-68 g. lactalbumin in woman’s milk 
per 100 ml. the contents of the several amino-acids can be calculated. The full 
data for all constituents are given for convenience in Table II. 

Except for cystine, which is the same in amount in cow’s and woman’s milks, 
cow’s milk contains 2-3 times the amounts of the other amino-acids. 

Cow’s milk diluted with an equal volume of water will contain half the 
amount of cystine present in woman’s milk. If diluted with two volumes of 
water then tryptophan and possibly arginine will be below the amounts in 
woman’s milk. 

Cystine is stated to be replaceable by methionine in nutrition. Cow’s milk 
diluted with an equal volume of water will have an equal amount of the sum 
of these sulphur-containing amino-acids. Cystine cannot replace methionine 
[ Rose, 1936] which is an essential amino-acid. 
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Table II. Composition of milk in g. per 100 ml. 


Cow’s Woman’s 

Total Total 
Calcium 0-140 0-040 
Phosphorus 0-101 0-016 
Nitrogen 0-491 0-192 
Non-protein-N 0-042 0-047 

Caseinogen Lactalbumin Caseinogen Lactalbumin 
Protein-N 0-347 0-102 0-449 0-046 0-099 0-145 
(factor for 
protein) (6-562 7-027 —- 6-959 6-863) _— 

Protein 2-280 0-710 2-990 0-320 0-680 1-000 
Protein-S 0-015 0-011 0-026 0-002 0-011 0-013 
Arginine 0-085 0-028 0-113 0-012 0-034 0-046 
Histidine 0-038 0-013 0-051 0-005 0-011 0-016 
Lysine 0-140 0-044 0-184 0-017 0-045 0-062 
Tryptophan 0-031 0-013 0-044 0-003 0-017 0-020 
Tyrosine 0-132 0-026 0-158 0-017 0-030 0-047 
Cystine 0-008 0-024 0-032 0-002 0-030 0-032 
Methionine 0-066 0-016 0-082 0-009 0-009 0-018 


Supposing that cystine is not replaceable by methionine in the nutrition of 


the human infant, then 16 mg. per 100 ml. (or } grain per 5 oz.) should be added 
to diluted cow’s milk (1: 1). 
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In the course of some experiments involving the use of rabbit muscle extracts 
as glycolysing systems, it was found that adenylpyrophosphate and Mg ions 
could not effectively replace boiled muscle extract” in restoring the activity of 
dialysed enzyme solutions. This observation was not in accord with the experience 
of Meyerhof & Lohmann at that time (1935). Lohmann [1931, 1, 2] had found 
Mgt++ adenylpyrophosphate equivalent to boiled muscle extract in coenzymic 
function. The solution of the apparent discrepancy was found to lie in the fact 
that Meyerhof & Lohmann had diluted their muscle extracts only about twice 
during the estimation of glycolytic activity, whilst in the experiments referred 
to above the extracts had been diluted 5-10 times. It seemed possible therefore 
that muscle extract, even after dialysis, contained some essential coenzyme 
other than Mg ions and adenylpyrophosphate. The presence of this coenzyme 
appeared to be demonstrated by the reduction of its concentration much below 
an effective level when the extract was diluted, and the deficiency thus caused 
could be remedied by the addition of boiled extract. 

During the period in which the nature and role of this new coenzymic factor 
have been under investigation, the participation of two more coenzymes in muscle 
glycolysis has been reported from other laboratories. Bauer [1936] found that 
in muscle extract diluted 2000-fold the speed of the reversible conversion of 
hexosediphosphate into triosephosphate is very slow, but can be increased by 
addition of boiled extract. Meyerhof & Ohlmeyer [1936], using very thoroughly 
dialysed extracts, demonstrated the need for cozymase to activate the oxido- 
reductive reaction between triosephosphate and pyruvic acid. All the types of 
muscle extracts used in the experiments described in this paper have been shown 
to suffer from no deficiency of the Bauer coenzyme. The effect of the addition 
of cozymase together with Mgt* and adenosinetriphosphate was examined at 
an early stage in the investigation, but this combination of coenzymes was not 
able effectively to replace boiled extract. Whilst evidence has been obtained 
which confirms the view of Meyerhof & Ohlmeyer that cozymase is probably a 
necessary component of the coenzyme system, the experiments to be reported 
here show that in addition to Mg**, adenosinetriphosphate and cozymase some 
other coenzyme plays an equally important part. 


1 Bertram Parkinson Fellow. 
2 “Boiled extract” is used throughout as the equivalent of the German “ Kochsaft”’. 
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EXPERIMENTAL 


For the preparation of boiled extract, muscle was taken from a rabbit 
immediately after the animal was killed, and cooled in an ice-salt freezing 
mixture. It was minced in an ice-cold mincing machine and added to its own 
volume of boiling N/500 NaOH. The whole was boiled for 2-3 min. and filtered 
at the pump. After cooling, the pH was adjusted to 7-4 by the addition of 40 % 
NaOH. This preparation was found to be quite as active as those made by the 
usual method of boiling muscle with 1% Na,HPO,, and had the advantage for 
many purposes of containing much less phosphate. 2 ml. of such a boiled 
extract were used in 5 ml. of reaction mixture in glycolysis tests; the use of larger 
amounts caused no further significant increase in the rate of lactic acid formation 
in dialysed muscle extracts. It was often desirable to add coenzyme in a less 
bulky form, and for this purpose the boiled extract was concentrated by dis- 
tillation under reduced pressure at a temperature not higher than 40°. No loss 
in activity resulted from this treatment. 

The silver salt of adenosinetriphosphate was prepared by the method of 
Barrenscheen & Filz [1932]. Solutions were made up as required by decomposing 
this in M/25 MgCl, to give a solution M/200 with respect to adenosinetriphos- 
phate. 0-5 ml. of this solution was used per 5 ml. reaction mixture, giving final 
concentrations of //2000 adenosinetriphosphate and M/250 Mg++. The use of 
higher concentrations of these substances gave no significantly greater degree 
of activation of glycolysis. 

Solutions of Na hexosediphosphate were made from the commercial Ca salt 
by treatment with oxalic acid, removal of the Ca oxalate and neutralization 
with NaOH. 

Cozymase was obtained from D.C.L. yeast by the method of Ohlmeyer [1936]. 
After decomposition of the Hg salt and removal of HgS and residual H,S the 
cozymase was precipitated with acetone, dried in vacuo and stored at room 
temperature in a desiccator over sulphuric acid. For activity tests apozymase 
prepared from yeast kindly supplied by the Red Tower Lager Brewery, Ltd., 
Manchester, was used. The conditions laid down by Myrback [1928] were 
observed, but unfortunately no standard cozymase or apozymase was available 
for comparison, so that the potency of the preparation cannot be stated in terms 
which would be really comparable with those used by other workers. 1 mg. of 
the product was found to be equivalent in cozymase activity to about 1-3 ml. 
of boiled yeast juice and to about 1-0 ml. of boiled muscle extract. 

In each measurement of glycolysis described in this paper, the total volume 
of solution incubated was 5 ml. The solutions contained 0-5% starch, 0-25% 
NaHCO,, 0-6-0-8 mg. P/ml. as inorganic phosphate at pH 7-4 and the necessary 
amount of enzyme solution. All other solutions added were adjusted to pH 7-4 
before use. These reaction mixtures were placed in the vessels of Barcroft 
differential manometers and incubated, with shaking, in an atmosphere of 
N,+5% CO, in the usual way. Manometric observations were sometimes taken 
as an indication of lactic acid production in preliminary experiments, and at the 
end of the experimental period the solutions were made up to 25 ml. with 5% 
trichloroacetic acid and filtered. The lactic acid in them was estimated by the 
method of Friedemann e¢ al. [1927]. 


Effect of dilution on the glycolytic activity of muscle extracts 
Extracts of rabbit muscle were prepared by the method of Meyerhof [1926]. 
The animal was killed by a blow on the neck. The muscle of the hind limbs and 


back was removed and cooled in ice as rapidly as possible. It was then minced 
111—2 
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in an ice-cold machine, pounded with 14 vol. of distilled water and allowed to 

stand at 0° for half an hour. The pulp was removed by centrifuging and the 

extract filtered. The pH was adjusted to 7-4, and after a preliminary dialysis 

in collodion sacs against running tap water the extract was dialysed against 

distilled water at 0° for, usually, 24 hr. Such extracts will for convenience be 

referred to as DMz, x indicating the period of dialysis in hours. i 
The effect of dilution upon the glycolytic activity and coenzyme requirements 


of such extracts is shown in Table I. | 


Table I. The effect of dilution upon the glycolytic activity and 
coenzyme requirements of muscle extracts 
mng. lactic acid formed from starch in 1 hr. with 


ml. of extract 


(DM 24) in 5 ml. Boiled extract Adenosinetri- 
reaction (concentrated x 4, phosphate 
Exp. mixture 0-5 ml.) (4/2000) + Mg++ (1/250) 
1 4-00 9-4 (2-3)* 9-5 
1-33 6-5 4-4 
0-44 3-9 1:8 
0-15 2-8 0-6 
0-05 1-3 (26-4)* 0-1 
2 0-15 2-3 0-1 
3 0-10 3-0 0-4 
+ 0-30 3-4 0-2 
5 0-25 3-6 0-3 
6 4-00 11-9 12:1 


* The figures in brackets give the lactic acid formation per ml. muscle extract. 


Lactic acid formed per ml. extract in I hr. (mg.) 





0 0°5 1-0 1*5 20 
Log dilution of enzyme 


Fig. 1. Effect of dilution of enzyme on rate of glycolysis in presence of 
(a) boiled muscle extract e---e, (b) ATP+Mg x---x. 
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The figures are typical of numerous experiments of this kind. They show 
clearly that when the muscle extract is not diluted much, the use as coenzyme 
of boiled extract or adenosinetriphosphate + Mg++ has the same effect, which 
is in accordance with the results of Lohmann. With more diluted extracts 
adenosinetriphosphate + Mgt + is less effective than is boiled muscle extract, the 
disparity increasing with increasing dilution of the extract. With a suitable 
dilution, varying from 1/20 to 1/50, more than ten times as much lactic acid is 
formed in the presence of the boiled extract than in the presence of the pure 
coenzymes alone. It is interesting to note that the activity of the enzyme 
solution itself appears to increase with dilution. This is evident when the lactic 
acid formation per ml. muscle extract used, instead of that formed in 5 ml. of 
reaction mixture, is plotted on a graph against the degree of dilution of the 
extract. Fig. 1 is constructed in this way from results, such as those given in 
Table I, obtained with extracts prepared on eight different occasions. 

It is seen from the graph that the glycolytic activity of muscle extracts in 
the presence of boiled extract increases with the dilution of the extracts. This 
is a curious feature of glycolysis in muscle extracts, and no explanation of it 
can be offered at present. In the presence of only adenosinetriphosphate and 
Mg**, on the other hand, the disposition of the points on the graph indicates 
that an additional factor is operating, tending to decrease the activity as dilution 
increases, and becoming dominant at the higher dilutions. 

In the glycolysis tests with the pure coenzymes it was observed that during 
the incubation much of the protein of the muscle extract had been coagulated 
and was present at the end as a stringy white precipitate. When boiled extract 
was present no such precipitate was formed. It seemed possible that this 
coagulation might be accompanied by destruction of part of the enzyme system, 


Lactic acid formed (mg.) 





Time (hours) 


Fig. 2. Stability of enzyme system during incubation. Enzyme, 2-0 ml. GP (4) (see following 
section of paper). M/2000 adenosinetriphosphate, M/250 Mg++. Incubation at 37°. 0-3 ml. 
boiled muscle extract (10 times concentrated) added from “ Keilin tube” to B, at beginning 
of incubation; C, after 30 min. incubation; D, after 60 min. incubation. 


and that the superior effect of boiled extract might be due to a protective 
action on the enzyme proteins rather than to the presence in it of an additional 
coenzyme. This possibility was tested in an experiment in which boiled extract 
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was added to enzyme solutions which had been incubated for different times 
with starch, adenosinetriphosphate and Mg++. The results showed conclusively 
that a preliminary incubation for a period of 1 hr. did not diminish the subsequent 
response to the addition of boiled extract. The failure of adenosinetriphosphate 
+Mg** to activate glycolysis is therefore not the result of any injury to the 
enzymes which control the process. The curves given in Fig. 2 illustrate this 
point. 

The disparate effects of adenosinetriphosphate +Mg** and boiled muscle 
extract in the activation of diluted dialysed muscle extracts are most readily 
explained by supposing (a) that muscle extract contains some coenzyme which 
is necessary in glycolysis, other than adenosinetriphosphate and Mg++; (6) that 
some of this additional coenzyme is strongly adsorbed on to part of the enzyme 
system or other colloid in the extract, so that a sufficient quantity remains 
after dialysis to give maximum activation of the enzyme system on addition of 
adenosinetriphosphate + Mg**, unless the enzyme with its associated coenzyme 
is much diluted; (c) that the complete coenzyme system of boiled extract 
consists of adenosinetriphosphate, Mg++ and some as yet unidentified factor. 
On the basis of these assumptions attempts were made to obtain more satis- 
factory coenzyme-free muscle extracts, i.e. extracts not activated by adenosine- 
triphosphate + Mg**, but activated by boiled muscle extract, even when only 
moderately diluted. It will be convenient to refer to such coenzyme-free extracts 
as ““apomyozymase”’ solutions. 


Experiments with phosphate extracts of washed muscle 


It was found that if minced rabbit muscle were extracted repeatedly with 
distilled water until the glycolytic enzyme system could no longer be detected 
in the extracts and the pulp then extracted with Na,HPO, solution, a very 
active enzyme solution was obtained. This phosphate extract often showed a 
greater glycolytic activity than did the first aqueous extract from the same 
muscle. Successive phosphate extracts were made from the same pulp in the 
following manner, and their properties were examined. 

The muscle was cooled, minced and suspended in 5 vol. of distilled water. 
After standing 15 min. at room temperature, with occasional stirring, it was 
squeezed as dry as possible in linen and the washing twice repeated. The 
washed muscle was then ground in a mortar with a little sand and a volume of 
1% Na,HPO, solution equal to 14 times the original volume of the muscle, 
allowed to stand for 15 min. and again squeezed in linen. Further extracts 
were made in the same way but using 0-5% phosphate; the phosphate con- 
centrations in all the extracts were then roughly the same, viz. 1 mg. P per ml. 
The extracts were filtered through paper or glass wool and their pH adjusted 
to 7-4. Repeated extraction in this way gave a series of extracts of activities 
similar to those shown in Table IT. It will be convenient to refer to such phosphate 


Table II. Lactic acid formation by phosphate extracts of washed rabbit muscle 


mg. lactic acid formed in 1 hr. with 


o_O 
Muscle extract Boiled Adenosinetri- 
3 ml. extract phosphate +Mgtt 
GP (1)—see text 16-6 12-7 
GP (2) 12-2 9-9 
GP (3) 11-3 2-4 
GP (4) 10-1 0-5 


GP (5) 71 0-3 
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extracts as GP (1), GP (2) and so on, the numeral indicating the first, second 
or further extract from one pulp. 

The relative activation of the extracts in such a series by boiled muscle 
and by adenosinetriphosphate + Mg** suggests that the additional coenzymic 
factor is extracted from the muscle pulp more completely in the earlier phosphate 
extracts than is the enzyme system itself. The later extracts are seen to be little 
activated by adenosinetriphosphate+ Mg++, though they still show a high 
activity in the presence of boiled extract. The results of a number of such 
experiments are plotted in Fig. 3, in which the effectiveness of adenosine- 
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Effectiveness of ATP + Mg as coenzyme (%) 


0 2 4 6 8 10 12 14 16 


Quantity of enzyme (units, mg. lactic acid formed in | hr. 
with boiled muscle extract) 


Fig. 3. Dots refer to dialysed aqueous muscle extracts. The figures 1, 2, 3 and 4 refer to 
first, second, third and fourth phosphate extracts of washed muscle. 


triphosphate + Mg++ as coenzyme, i.e. the lactic acid formation in the presence 
of adenosinetriphosphate + Mg++ expressed as a percentage of that formed in 
the presence of boiled extract, is plotted against the lactic acid formation in the 
presence of boiled extract. The latter figure we may regard as a measure of the 
concentration of the enzyme system— it is the only indication of this quantity 
which can at present be obtained. A study of the graph shows that the points 
referring to ordinary dialysed aqueous extracts of muscle fall within the fairly 
limited band between the dotted lines. That is to say the effectiveness of 
adenosinetriphosphate-+ Mg++ as coenzyme with such extracts diminishes 
progressively with decreasing enzyme concentration. Most of the phosphate 
extracts give points falling below this band, and the third and fourth phosphate 
extracts points quite near the base line. Many of the extracts GP (3) and GP (4) 
have therefore the desired properties of (a) satisfactory enzyme concentration, 
indicated by high glycolytic activity in the presence of the complete coenzyme 
system (boiled extract), and (b) relative freedom from the new coenzymic factor, 
indicated by absence of activation by adenosinetriphosphate +Mg*+. Extracts 
of this type have been used in further experiments on the nature of the coenzyme 
system. 
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It is of interest to mention that sheep’s heart muscle, when washed and 
extracted with phosphate solution in the same way, gives an extract with 
glycolytic properties apparently similar to those of the skeletal muscle extracts. 
Examples are given in Table III. The properties of these extracts have not yet 
been more closely studied. 


Table III. Lactic acid formation by phosphate extract of washed sheep’s heart 


mg. lactic acid formed in 1 hr. with 
Heart muscle 


extract Boiled Adenosinetri- 
per 5 ml. extract phosphate +Mgtt 
1 ml. 3-1 0-1 
1 ml. 4:8 0-4 
Cozymohexase 


Bauer [1936] considers that an important intermediate reaction in glycolysis, 
namely, the conversion of hexosediphosphate into triosephosphate by the 
enzyme zymohexase, is facilitated by a coenzyme. This he demonstrated by the 
observation that in very dilute (2000-3000-fold) muscle extracts the reaction is 
very slow, but can be accelerated by the addition of boiled extract. The co- 
zymohexase is intimately associated with colloidal matter in the extracts and 
is not removed by dialysis. It was possible that the results described in the 
preceding sections of this paper might be due to a deficiency of cozymohexase. 
The action of the enzyme solutions upon hexosediphosphate, in the absence of 
any added coenzyme, was therefore examined. Inorganic phosphate was 
estimated by the method of Fiske & Subbarow [1925]. Triosephosphate was 
estimated in the trichloroacetic acid filtrates by measurement of the increase 
in inorganic P produced in 15 min. at room temperature by the addition of an 
equal volume of 2N NaOH. Hexosediphosphate P was calculated from the 
amount of inorganic P set free by 2 hr. hydrolysis in N HCl at 100°, due allowance 
being made for the triosephosphate P present and for the fact that only 80% 
of the hexosediphosphate P is liberated by such treatment. It was found that 
the conversion of hexosediphosphate into triosephosphate took place rapidly in 
the enzyme solutions used, without requiring added coenzyme (Table IV). 
Cozymohexase is thus not the agent with which this paper is concerned. 


Table IV. Conversion of hexosediphosphate into triosephosphate in diluted 
muscle extracts and in apomyozymase solutions 
Exp. 1. Enzyme—0-1 ml. DM 20; with 0:5 ml. 2.6% NaHCO, and 1-0 ml. Na hexosedi- 
phosphate containing 1-10 mg P. Total volume 5 ml. Incubation at 37° in N,+5% COx. 


Period of incubation (min.) 0 30 60 
mg. P per 5 ml. 





Inorganic P after incubation 0-11 0-16 0-18 
Triosephosphate P after incubation 0-00 0-38 0-39 
Hexosediphosphate P after incubation 1-10 0-67 0-65 


Exp. 2. Enzyme—2-0 ml. GP (4); with 0-5 ml. 2-6% NaHCO, and 1-0 ml. 17/20 Na hexosedi- 
phosphate. Total volume 5 ml. Incubation as in Exp. 1 above. 


Period of incubation (min.) 0 10 30 
mg. P per 5 ml. 





Inorganic P after incubation 2-18 2-19 2-22 
Triosephosphate P after incubation 0-00 0-72 0-76 
Hexosediphosphate P after incubation 3-08 2-38 2-38 
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Cozymase in muscle glycolysis 


The chemical similarity between the course of lactic acid formation in muscle 
extracts and alcoholic fermentation in yeast juice has long been stressed. The 
far-reaching nature of the analogy, and the identity of many of the intermediate 
reactions in the two processes, have been clearly defined by recent publications 
of Embden, Meyerhof and their colleagues. It seemed therefore likely that in 
glycolysis as in alcoholic fermentation some coenzyme analogous to or identical 
with cozymase might be required in the oxido-reductive stages of the chain of 
reactions. The effects of boiled yeast extract and of purified cozymase upon the 
course of glycolysis in apomyozymase solutions were studied. The addition of 
boiled yeast extract or cozymase together with adenosinetriphosphate and 
Mg++ brought about a measurable lactic acid formation which was, however, still 
small compared with that resulting from the addition of boiled muscle extract. In 
activating apozymase with cozymase it is the usual practice to add a trace of 
hexosediphosphate, in order to eliminate a long latent period which the reaction 
otherwise exhibits. This expedient was adopted in the present case, again with 
a small favourable result, but the rate of glycolysis remained far below the 
boiled extract-activated level. Results of such experiments are given in Table V 
They seemed to prove conclusively that the substance in boiled muscle extract 
which was necessary together with adenosinetriphosphate and Mg++ to complete 
the coenzyme system was neither cozymase nor cozymase + hexosediphosphate. 


Table V. Effects of boiled yeast extract and of purified cozymase on lactic acid 
formation in diluted muscle extracts and in apomyozymase solutions 


Exp. 1. Enzyme—0-2 ml. DM 24 





Coenzyme additions ATP +Mgtt Boiled extract Cozymase + 
ATP +Mg** 
Lactic acid formed (1ag. in 1 hr.) 0-4 3-6 0-7 
Exp. 2. Enzyme—0-2 ml. DM 24 
Coenzyme addition .. ATP+Mg*t* Boiled extract ATP+Mgt+-+cozymase sol. 
a A 
0-05 ml. 0-2 ml. 1-0 ml. 
Lactic acid formed (mg. in 1 hr.) 0-4 3-4 0-6 0-6 0-7 
Exp. 3. Enzyme—2-5 ml. GP (4) 
ATP +Mgt++ 
Coenzyme addition ade ATP+ Boiled HDP BY + Cozym. 
Mg++ extract M/2000 BY HDP Cozym. +HDP 
Cozymase activity of addition — 7 — 9 9 5 5 
(relative) 
Lactic acid formed (mg. in 1 hr.) 0-2 6-2 0-5 1-9 1-8 0-8 1-5 


ATP =adenosinetriphosphate; HDP =hexosediphosphate; BY = boiled yeast extract. 


Meyerhof & Ohlmeyer [1936], using very thoroughly dialysed aqueous muscle 
extracts, have recently observed that the reaction between triosephosphate and 
pyruvic acid, giving phosphoglyceric and lactic acids, takes place in such extracts 
If the presence of a trace of hexosediphosphate is 
this necessity was not 


only if cozymase is added. 
necessary for cozymase to exert its effect in this case, 
revealed since hexosediphosphate itself was added in excess as substrate, the 
triosephosphate being then produced from it by the zymohexase in the muscle 
extract. The extracts used by these workers were unable to form lactic acid 
from glycogen even in the presence of both the adenosinetriphosphate-adenylic 
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acid system and cozymase, and whether they could do so in the presence of 
boiled muscle extract is not stated. 50% of the maximum activation of lactic 
acid formation was obtained with a cozymase concentration of 1-2y per ml. We 
have already referred to the difficulty of comparing precisely our cozymase 
preparations, in respect of their activity, with those of other workers. From 
a comparison of our purified preparations with crude yeast extract it is possible 
to compute roughly that our preparations probably contain 20-30% of pure 
cozymase, and that the concentration of the pure substance used in our experi- 
ments was of the order of 100+ per ml. These considerations led us to resume the 
study of the influence of cozymase on the glycolytic activity of the apomyozymase 
solutions which have been described. 

The data from the extended series of experiments showed that on some 
occasions extracts of the GP (4) type were activated to a much greater extent 
by the addition of adenosinetriphosphate + Mg++ + cozymase + hexosediphos- 
phate than had been observed in the earlier experiments. Although the lactic 
acid production in the presence of this combination of coenzymes was usually 
less than 20 % of that resulting from the addition of boiled muscle extract, there 
were cases in which 26, 55, 90 and 125 % of the latter figure was reached. This 
variation may be seen by referring to Table VI, where, in the last column, the 
lactic acid formed through the agency of the combined coenzymes is given as 
a percentage of that formed in the presence of boiled muscle extract. 


Table VI. Effect of cozymase and hexosediphosphate on lactic acid 
formation in apomyozymase solutions 


Cozymase added as indicated in amount equivalent in cozymase activity 
to 2-0 ml. boiled muscle extract 


Lactic acid formed in 1 hr. with the following additions 





cs & ~ 
Adenosinetri- ATP, Mg, ATP, ATP,Mgt+ Boiled 


phosphate HDP Mg**, HDP, muscle 
Exp. Enzyme +Mgt+t (4/2000) cozymase cozymase extract % 
1 3-0 ml. GP (4) 0-3 0-6 0-3 1-0 3-8 26 
2 2-0 ml. GP (4) 0-2 ome ia 0-5 4-6 11 
3 3-0 ml. GP (4) 0-3 0-7 0-7 5-2 5:8 90 
4 3-0 ml. GP (4) 0-2 0-4 0-4 3-2 5:8 55 
5 2-0 ml. GP (3) 0-3 — — 2-9 8-2 35 
6 2-0 ml. GP (4) 0-0 — — 0-3 5-2 6 
7 2-0 ml. GP (3) 0-8 3-8 1-3 7-6 9-7 78 
8 2-0 ml. GP (4) 0-1 0-4 0-1 0-6 6-0 10 
9 2-0 ml. GP (3) 0-3 Ll 0-4 3-0 5-8 52 
10 2-0 ml. GP (4) 0-0 0-1 0-1 0-3 4-0 7 
11 2-0 ml. GP (4) 0-0 _ -- 0-6 (1)* 5-5 11 
0-6 (2)* 
12 2-0 ml. GP (4) 0-3 1-6 0-6 4:5 3-6 125 
13 0-2 ml. DM 0-6 0-7 0-6 0-6 3-2 _ 


* (2) cozymase concentration four times that in (1). 
ATP =adenosinetriphosphate; HDP =hexosediphosphate. 


After consideration of the data presented in Table VI the following con- 
clusions seem justified: (a) it is possible to obtain solutions of the glycolytic 
enzyme system with coenzyme requirements which are not met by the addition 
of adenosinetriphosphate, Mg++, cozymase and hexosediphosphate (Exps. 2, 6, 
8, 10 and 11 in Table V1); (6) it is also possible to obtain enzyme solutions which, 
while they are not activated by adenosinetriphosphate and Mg++, react with 
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considerable and sometimes full activity when cozymase and hexosediphosphate 
are also added (Exps. 3, 4 and 12 in Table VI); (c) for the activation of 
extracts of the last-mentioned type both cozymase and hexosediphosphate are 
necessary. It seems probable that the variation in the properties of GP (4) 
extracts is determined by slight differences in the condition of the muscle or 
in the precise details of the extraction procedure. The difficulty of removing the 
coenzymes from the enzyme remaining in the muscle pulp appears to increase 
in the following order; adenosinetriphosphate and Mg++, hexosediphosphate 
and cozymase, the unidentified coenzyme which must still be present in enzyme 
solutions which are activated by addition of the former compounds. This view 
is borne out by a consideration of the three pairs of Exps. 5 and 6, 7 and 8, 
and 9 and 10 in Table VI. In the first experiment of each pair the enzyme 
solution used was the third phosphate extract (GP (3)), and in the second the 
fourth phosphate extract (GP (4)), from the same pulp. None of the extracts 
was activated by adenosinetriphosphate and Mg++, but in each pair the further 
addition of cozymase and hexosediphosphate caused a considerable lactic acid 
formation by the GP (3) extract and had very little effect on the GP (4) extract. 
It has also been shown that diluted aqueous muscle extracts are not activated 
by the combined effect of adenosinetriphosphate, Mg+*, cozymase and hexose- 
diphosphate. An example is given in Table VI (Exp. 13). 

These experiments therefore support the belief of Meyerhof & Ohlmeyer that 
cozymase is a necessary coenzyme in glycolysis in muscle extracts. They also 
make it clear that some as yet unidentified coenzyme plays an equally important 
part. 


Properties of the unidentified coenzyme in boiled muscle extract 


(1) Behaviour on dialysis. Boiled muscle extract contains a certain amount 
of non-dialysable colloidal material, but if it is dialysed in a collodion sac 
against distilled water the full coenzyme activity is found in the dialysate. This 
is demonstrated by the experimental results shown in Table VII. 


Table VII. Dialysability of coenzymes in boiled muscle extract 


Enzyme solution used: Exp. 1, DM 4, 0-1 ml.; Exp. 2, DM 24, 0-2 ml. 


Volume Lactic acid formation in 1 hr. 
coenzyme F 
solution xp. 1 Exp. 2 
Coenzyme solution ml. pl. CO, mg. 
Boiled extract 2-0 637 3-2 
Adenosinetriphosphate (.M/200) +Mgt+ (M/25) 0-5 70 0-6 
Dialysate. Boiled extract dialysed against 2-5 543 3-0 
} vol. distilled water for 4 hr. 

Ditto + ATP + Mg++ —_ 657 — 
Boiled extract dialysed against large vol. 2-0 11 — 
distilled water for 16 hr. _ 
Ditto + ATP +Mgt+ - 69 — 


Evidence that the Meyerhof enzyme solution still contains at least three 
coenzymes even after 24 hr. dialysis has already been presented. In view of the 
ease with which all the coenzymes are dialysable in the boiled extract, attempts 
were made to remove them from aqueous muscle extracts by more prolonged 
dialysis against distilled water and against phosphate buffer solutions of different 
pH values. The extracts were dialysed for periods of up to 7 days against large 
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volumes of solutions which were frequently renewed, but no success was 
achieved. The length and conditions of dialysis had no significant effect upon 
the degree of activation brought about by adenosinetriphosphate and Mg** 
(Table VIII). 


Table VIII. Effect of prolonged dialysis on coenzyme requirements 
of muscle extracts 


Vol. of extract Lactic acid formed in 1 hr. (mg.) 


Period of used in glyco- A 
Extract dialysed dialysis lysis test With ATP With boiled 
Exp. against (hr.) (ml. per 5 ml.) +Mg*+ muscle extract 

1 Distilled water 22 4 7-8 8-9 
Distilled water 170 4 6-9 8-4 
Phosphate M/15 pH 7-4 170 4 6-8 9-6 
2 Distilled water 20 3-5 11-2 11-8 
Phosphate M/15 pH 6-0 120 3-5 9-5 10-5 
Phosphate M/15 pH 7-0 120 3-5 10-7 11-7 
3 Phosphate M/15 pH 8-0 168 4 8-6 10-8 


(2) Stability of the coenzyme system. Aqueous extracts of muscle were kept 
for several days in the refrigerator, with the object of allowing enzymic destruc- 
tion of adenosinetriphosphate in these extracts to take place. They were then 
boiled and filtered, and the hydrogen ion concentration adjusted to pH 7-4. 
The boiled extract thus obtained was found to have little or no coenzyme 
activity unless adenosinetriphosphate were added to it (Table IX). The other 


Table IX. Lactic acid formation in the presence of “‘inactive’’ (adenosine- 
triphosphate-deficient) boiled muscle extract 


mg. lactic acid formed in 1 hr. with 





Inactive boiled 
Inactive boiled muscle extract 


Enzyme ATP +Mgtt muscle extract +ATP +Mgt* 
0-3 ml. DM 0-2 0-1 2-6 
3-5 ml. GP (3) 0-5 0-0 4-6 
2-0 ml. GP (1) 1-5 0:3 9-5 


components of the coenzyme system are therefore more stable towards autolytic 
action than is adenosinetriphosphate. 

The stability of the coenzyme system to heat in acid, neutral and alkaline 
solution was studied. In order to test the effect of heating in the presence of 
N HCl or N NaOH and at the same time avoid the consequences of the intro- 
duction of a considerable quantity of NaCl into the boiled extract by this 
treatment together with the subsequent neutralization, boiled extract was first 
concentrated under reduced pressure to one-tenth of its original volume. Samples 
were then heated at 100° for 1 hr. at different pH values, and the coenzyme 
activities after this treatment were tested. The results are given in Table X. 
Adenosinetriphosphate was added to all the test reaction mixtures, since only 
information about the fate of coenzymes other than this was required. It is 
seen from Table X that the activity of boiled muscle extract in respect of these 
other coenzymes is completely destroyed by heating in strongly acid solution. 
The activity is however considerably restored (50 and 75% in the two experi- 
ments) by the addition of hexosediphosphate and cozymase. At slightly acid, 
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Table X. Stability to heat of the coenzyme in boiled muscle extract 


Boiled extract concentrated x 10 under reduced pressure. 
2-0 ml. concentrate heated at 100° for 1 hr. after the following additions: 


A. 2-0 ml. 2 N HCl pHe.l 

B. 0-25 ml. 2. N HCl+1-75 ml. water pH c. 5-5 

C. 2-0 ml. water pu c. 7-4 
D. 2-0 ml. 2 N NaOH pH c. 12-13 


After heating each was neutralized to pH 7-4 and made up to 6 ml. with water. 

Thus 0-6 ml. final solution should be equivalent to 0-2 ml. boiled extract concentrate and to 
2-0 ml. fresh boiled extract, and this volume was used in the tests. 

Glycolysis tests. Enzyme, 2-0 ml. GP (4). 1/2000 adenosinetriphosphate and M/250 Mg++ 


added in each test. 
mg. lactic acid formed in 1 hr. 








Exp. 1 Exp. 2 
After further After further 
addition of addition of 
cozymase and cozymase and 
Solution added — hexosediphosphate — hexosediphosphate 

— 0-1 0-5 0-0 0-4 

BEA concentrate 0-2 ml. 6-0 (4-3) —_ 6-2 6-5 (4-0) 
A 0-1 2-2 0-2 3-1 
B 1-5 57 2-0 7-2 
C 1-1 6-2 1-5 6-7 
D 0-9 3-9 1-3 5-6 


The figure in brackets indicates the lactic acid formation when 24 mg. NaCl had been added 
to the control boiled extract. This amount of NaCl is equivalent to that introduced into the 
boiled extracts A and D by the treatment with acid and alkali, and it is with the figure in brackets 
that the lactic acid productions under A and D must be compared. 


neutral and even strongly alkaline reactions the unidentified coenzyme is 
unaffected, since boiled muscle extract heated under these conditions is still 
fully competent to activate apomyozymase solutions if hexosediphosphate and 
cozymase are added to it. It is remarkable that even in the absence of this 
supplement some activity (resulting in 18-32% of the maximum lactic acid 
formation) is shown; one would have expected that by heating in NV NaOH the 
cozymase in the boiled extract would have been completely destroyed. This 
point will be referred to again in the discussion. 

When boiled extract was evaporated to dryness and the residue ignited, the 
addition of adenosinetriphosphate, cozymase and hexosediphosphate to the ash 
did not restore the coenzymic activity. The other coenzyme is thus organic 
in nature. 

Esterification of phosphoric acid 


Apomyozymase solutions, though they are unable to convert starch into 
lactic acid in the presence of adenosinetriphosphate and Mgt+, bring about a 
considerable esterification of phosphoric acid under these conditions. In the 
presence of the complete coenzyme system esterification is at first rapid, but the 
esters are decomposed in the later stages. The results of a typical experiment 
illustrating these points are presented in Fig. 4. In the absence of adenosine- 
triphosphate we have never observed any change in the concentration of 
inorganic phosphate, which suggests that esterification without coenzymic 
facilitation, such as has been reported from Parnas’s laboratory [Ostern e¢ al. 
1936], plays no part injglycolysis under the conditions obtaining in our experi- 
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ments. These problems, and the nature of the esters formed, will be dealt with 
more fully in a later communication. 


Phosphoric acid esterified (mg. P) 
Lactic acid formed (mg.) 





Time (hr.) 


Fig. 4. Esterification and lactic acid formation in apomyozymase solutions. Enzyme solution, 
2-0 ml. GP (4). A, with adenosinetriphosphate (7/2000); B, with boiled muscle extract and 
Mg++ (M/250). Continuous lines, esterification; dotted lines, lactic acid formation. 


Discussion 


There is now abundant evidence that cozymase can play an important part 
in glycolysis in muscle extracts. Meyerhof & Ohlmeyer demonstrated its effect 
only in one of the intermediate reactions, namely, that between triosephosphate 
and pyruvic acid. Euler et al. [1937], using dialysed extracts of rat muscle, 
found it necessary to add cozymase and adenylic acid to bring about lactic acid 
formation from glycogen. In their experiments a trace of hexosediphosphate 
was also added, but no comment is made on this. These workers found that after 
quite a short period of dialysis (3 hr. against 0-6 % KCl) the necessity of adding 
cozymase became easily demonstrable. This has not been the experience of other 
workers with frog and rabbit muscle extracts. In our own experiments the 
demand for coenzymes other than adenosinetriphosphate and Mg++ could not 
be demonstrated with satisfaction even after very prolonged dialysis, unless the 
extract were much diluted. It is possible that the species of animal used 
determines the difference in behaviour. Our own experiments, showing that 
certain preparations from rabbit muscle require both cozymase and hexose- 
diphosphate, in addition to adenosinetriphosphate and Mg**, for the activation 
of lactic acid formation from starch, confirm in general the results of the authors 
cited above. The fact that certain other enzyme preparations are not activated 
by these coenzymes but only by boiled muscle extract has brought to light the 
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intervention of a new coenzyme and opened up new possibilities. The chemical 
nature and function of this new coenzyme are at present unknown, but investi- 
gation of this problem is in progress. 

It is interesting to find that after complete extraction of glycolytic enzyme 
system by the method of Meyerhof an even greater quantity of the same enzyme 
system may be obtained by extracting the muscle pulp with phosphate solutions. 
It appears that the enzyme is associated with proteins which are not soluble in 
distilled water but are soluble in phosphate solution. We have not sufficient 
evidence to say whether the phosphate ion has a specific effect, but the extraction 
is not achieved by the use of 0-6% KCl. It seems possible that the initial 
phosphate content of the muscle is able to bring part of the enzyme into solution, 
but that when the phosphate concentration is reduced by further extractions 
with water or KCl solutions the residual enzyme remains undissolved in the 
muscle pulp and can be brought into solution only by the addition of more 
phosphate. 

The enzyme and coenzyme systems are evidently intimately associated with 
each other in the muscle tissue. The first aqueous extracts contain both enzyme 
and coenzyme, and the later aqueous extracts neither. The first phosphate 
extract of the washed muscle again contains both enzyme and coenzyme (except 
adenosinetriphosphate and Mg**) and it is only in the later phosphate extracts 
that any further separation begins to appear. Analysis of our results shows that 
the components of the glycolytic system (holomyozymase) stand in the following 
order with regard to the ease with which they are completely removed from 
muscle pulp by extraction with phosphate solution: 

(1) Adenosinetriphosphate and Mgt+. 

(2) Hexosediphosphate. 

(3) Cozymase. 

(4) The new coenzyme. 

(5) Apomyozymase. 

The separation is in some cases only partial, but that this is the general 
order of extraction is shown by the preparation of extracts with properties as 


follows: 
Type of muscle extract activated 


Coenzymes added by these coenzymes 
(1) Adenosinetriphosphate +Mgt+ DM and GP (1) 
(2) As (1) + hexosediphosphate GP (3) (partial and variable activation) 
(3) As (2) +cozymase GP (3), occasionally GP (4) 
(4) Boiled extract GP (4) and GP (5) 


Earlier in this paper it was suggested that the term apomyozymase might be 
used to denote glycolytic enzyme preparations which responded to the coenzymes 
in boiled extract but not to the addition of adenosinetriphosphate and Mg*~. 
It is advisable to modify this definition, because it is now clear that not one but 
several other coenzymes are concerned. We suggest that the term apomyozymase 
might be applied to enzyme solutions which are activated by boiled extract but 
not by adenosinetriphosphate, Mg++, hexosediphosphate and cozymase. It must 
be remembered that such preparations still contain Bauer’s cozymohexase; 
further restriction of the meaning of the term may be resorted to when methods 
of removing this coenzyme from the enzyme preparations are forthcoming. 

Although the addition of hexosediphosphate and cozymase has in some cases 
been observed to play a decisive part in determining the onset of glycolysis, 
there remains some doubt as to whether the coenzymes in boiled extract are 
identical with these substances. The reason for this doubt is twofold. First, 
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dialysed aqueous muscle extracts have always, in our experience, contained an 
adequate amount of coenzyme other than adenosinetriphosphate and Mg**. 
Very slow dialysis of cozymase from muscle extract may not be unexpected, 
and may be analogous to the well-known slow rate of dialysis of this compound 
from fresh yeast juice [Buchner & Rapp, 1898]. It is, however, difficult to 
understand why hexosediphosphate should not dialyse very readily, and the 
available data seem to show that unless it is supplemented with hexosediphos- 
phate cozymase can have no effect. Secondly, the properties of the coenzyme 
system in respect of its thermostability are not easily reconciled with the known 
properties of cozymase. Meyerhof, Euler and their colleagues believe that the 
chief function of cozymase in glycolysis is that of a hydrogen-transporting 
coenzyme, and it is exceedingly probable that this view is correct. This function 
is very easily destroyed by heat in alkaline solution: Euler et al. [1937] heated 
cozymase for 5 min. at 100° in N/20 NaOH to bring about this inactivation. 
It seems therefore quite impossible that boiled muscle extract after heating 
with its own volume of 2N NaOH at 100° for 1 hr. should contain any active 
cozymase. Yet, as has been shown in Table X, boiled extract after such treatment 
was not found to be completely inactive. These considerations suggest that the 
hydrogen-transporting coenzyme in muscle glycolysis may not be identical with 
cozymase, although this substance appears to be able to take its place. 


SUMMARY 


1. Dialysed aqueous extracts of rabbit muscle were prepared by the method 
of Meyerhof. Such extracts when diluted twenty times or more failed to convert 
starch into lactic acid in the presence of adenosinetriphosphate and Mg++, but 
were able to do so in the presence of boiled muscle extract. The participation of 
coenzymes other than adenosinetriphosphate and Mg++ was thus demonstrated. 

2. When washed muscle pulp was repeatedly extracted with 1} vol. of 
Na,HPO, solution a series of extracts was obtained the first four or five of which 
showed, when suitably activated, high glycolytic activity. The coenzyme 
requirement became progressively more extensive down the series. Thus the 
first extract was fully activated by the addition of adenosinetriphosphate and 
Mg++, the third extract was not activated by these substances but was glyco- 
lytically effective when cozymase and a little hexosediphosphate were also 
added, whilst the fourth extract only converted starch into lactic acid when 
boiled extract was present. Extracts were often found to have properties 
intermediate between these main types. 

3. The experiments confirm the view that cozymase, or a coenzyme whose 
function can be exercised by cozymase, is an essential part of the glycolytic 
system. They also show that boiled muscle extract contains yet another essential 
and unidentified coenzyme. 

4. It is suggested that the term “‘apomyozym=:se” should denote prepara- 
tions of the glycolytic enzyme system which are active in the presence of boiled 
extract but whose coenzyme requirement is not satisfied by adenosinetriphos- 


phate, Mg++, hexosediphosphate and cozymase. 


1 Note added 3 October, 1937. In writing this paragraph we overlooked the possibility that 
a part of the cozymase in boiled muscle extract may be in the reduced form. Reduced cozymase 
is much more resistant to heat in alkaline solution than is the oxidized form, and is stable to 
heating in 0-1 N NaOH at 100° for 30 minutes [Adler, et. al., 1936]. It is possiblethat it is 
also stable to N NaOH at 100° for 60 minutes, and this might provide an alternative explanation 


of our results. 
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THE organism employed in the present studies was a strain of Cl. tetanomorphum 
(National Collection of Type Cultures, No. 500) originally isolated by Robertson 
from a septic wound. It was described [McIntosh & Fildes, 1919] as producing 
a pink colour and gas in a meat medium with no digestion or blackening of the 
meat; gelatin was not liquified. Of the sugars tested only glucose and maltose 
were fermented. Similar results have been obtained by Kendall e¢ al. [1922] 
with another strain of the organism; in addition, traces of gas were observed 
from glycerol and from nutrient broth. The metabolism of the organism does 
not appear to have been further investigated. 

On cultivation of the organism anaerobically on a tryptic caseinogen digest 
broth a considerable quantity of gas was evolved. Analysis showed the gas to 
consist of hydrogen and carbon dioxide. Since the traditional source of hydrogen 
in bacterial fermentations is carbohydrate, it seemed to us of importance to trace 
the origin of the hydrogen formed from the tryptic broth, as the latter consists 
essentially of protein cleavage products and contains no detectable carbohydrate. 
Furthermore, Bact. coli and related organisms do not liberate hydrogen during 
growth on this medium. 

In the present communication it will be shown that washed suspensions of 
Cl. tetanomorphum decompose a number of amino-acids with evolution of H, 
and CO,. In addition a general survey of the metabolic activities of the organism 
has been made. 

























EXPERIMENTAL 
Methods of estimation 


(1) Hydrogen. Hydrogen production was measured in Warburg manometers. 
Conical cups with single or double side-bulbs and inner tubes, total volume 
17-20 ml., were used. CO, was absorbed by the usual KOH-filter-paper absorbers 
in the inner tubes. The main cup usually contained the buffer and neutralized 
substrate and the bacterial suspension was tipped in from a side-bulb after 
equilibration. The manometers were filled with N, freed from traces of O, by 
passage over heated copper turnings. 

(2) Carbon dioxide. CO, production was also estimated manometrically. The 
usual method employing bicarbonate buffer and a N,-CO, gas mixture could not 
be applied since there was usually a concurrent production of H, and NH, and 
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a change in the free acid concentration during the reactions. The following 
indirect method was therefore employed: (a) H, was estimated as above; 
(6) double side-bulb manometers were set up containing the bacterial suspension 
in the main cup, substrate in one side-bulb and 0-1 ml. 10% H,SO, in the 
other. No CO, absorbent was employed in these cups. After the manometers 
were filled with N, and equilibrated, the initial bound CO, was determined in 
one series of manometers by tipping both acid and substrate into the main 
cup. In a second series of manometers the substrate only was tipped into the 
main cup and gas production followed. This gas consisted of H, and some of 
the CO, produced, the remainder being bound by the phosphate buffer. The 
mean value of H, evolution (as estimated in (a)) was expressed in terms of mm. 
pressure change in the manometers employed for the CO, determinations (5) 
and subtracted from the total pressure change. The remainder is equivalent to 
the change in pressure produced by free CO,. The final bound CO, in the second 
series of manometers was then measured by tipping in the acid from the 
second side-bulb. The actual CO, production is therefore: free CO, + final bound 
CO,—initial bound CO,. Similar control experiments in which water replaced 
the substrate were carried out. 

(3) Miscellaneous estimations. Ammonia was determined by the method 
described by Stickland [1934] and Woods [1936]. Volatile acids were estimated 
according to Stickland [1935]. A photo-electric turbidimeter [Clifton et al. 1935}, 
calibrated in terms of total cell count and dry weight per ml., was used to follow 
growth and to estimate the dry weight of the bacterial suspensions. 


Growth experiments 


The production of H, by Cl. tetanomorphum during growth on tryptic broth 
was followed manometrically, CO, being absorbed. Samples from a flask of 
tryptic broth, inoculated immediately after autoclaving and rapid cooling from 
a 24 hr. culture in Robertson’s meat medium, were placed in a series of Warburg 
cups and the manometers at once filled with N, and shaken at 32°. Manometers 
were removed at 2 hr. intervals for total cell and dry weight determinations. 
Typical results are plotted in Fig. 1, together with Qy, values (ul. H, per hr. 
per mg. dry weight), calculated for each 2 hr. interval. Q serves as a measure 
of the activity of the organisms and changes with the age of the culture in a 
manner similar to that described by Clifton [1937] for the rates of O, consumption 
and CO, production by certain facultative anaerobes. A maximum Qy, was 
observed early in the logarithmic period of growth. 

In large-scale experiments the gases produced were analysed in the Haldane 
apparatus. After preliminary CO, absorption, the volume of gas decreased 
on combustion with no concurrent formation of alkali-soluble products; the 
evidence therefore indicates that the gas is H,. In a typical experiment the 
original gas in the culture flask consisted only of N,, whilst after 48 hr. growth 
its composition was 28-6 % H,, 19-6% CO, and 51-8% N,. Analysis of the gas 
collected in Durham tubes from broth cultures of Cl. tetanomorphum showed, 
in a typical case, 84-5°% H, and 15-6% CO,; a considerable amount of CO, is, 
of course, bound by the medium. 

In Durham tube experiments the presence of glucose (M/10) in the broth 
medium stimulated both growth and gas production. It is impossible to deter- 
mine from these experiments if the extra gas formed in the presence of glucose 
is due to fermentation of the sugar, or to the increased growth on the broth. 
It is clear that with this organism the results of the usual bacteriological 
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fermentation tests with sugars carried out by the Durham tube or fermentation 
tube technique must be accepted with caution. Formate (1/10) in the broth 
medium considerably inhibited both growth and gas formation. 
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Fig. 1. Growth, H, production and Qy, on broth. 


The electrode potentials developed during the growth of Cl. tetanomorphum 
on tryptic broth were determined as described by Clifton et al. [1934]. Growth 
and gas production became apparent when the potential of the broth was in 
the neighbourhood of —0-1 v. at pH 7-2. A potential of —0-225 v. was esta- 
blished in 24 hr. and was maintained at this level during the course of the 
experiment (5 days). That the potential is not influenced by the presence of H, 
is shown by the fact that the potential level was not appreciably altered when 
H, instead of N, was bubbled through the culture for several hours. Potentials 
of the same order are established during the growth of Cl. tetani and certain 


other anaerobes. 
EXPERIMENTS WITH WASHED SUSPENSIONS 


Preparation of suspensions. 900 ml. of tryptic caseinogen digest broth, con- 
taining a few pieces of meat from Robertson’s meat medium, were autoclaved, 
rapidly cooled and at once inoculated with 1 ml. of the fluid from a 20 hr. culture 
of Cl. tetanomorphum on Robertson’s meat medium. The culture was placed 
immediately in a McIntosh and Fildes anaerobic jar and incubated at 34° for 
18-20 hr. At this time the culture usually contained approximately 1-0 x 10% cells 
per ml. (0-1 mg. dry weight per ml.). Longer growth leads to less active sus- 
pensions and considerable spore formation. Irregular growth is obtained if the 
medium is allowed to stand exposed to air for even } hr. before being rendered 


anaerobic. 
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The culture was centrifuged, the cells washed twice on the centrifuge with 
distilled water and finally suspended in 4~7 ml. distilled water or phosphate 
buffer pH 7-2. The suspension was at once thoroughly evacuated and the tube 
filled with N, and stored at 0° if the organisms were not used at once. It is 
essential that the spinning and washing processes be carried out as rapidly as 
possible and the final suspension kept out of contact with air; it will be shown 
(p. 1782) that the washed cells rapidly lose activity on exposure to oxygen. 

Unless otherwise stated all experiments were carried out in phosphate buffer 
pH 7-2 and at 32°. 

Production of hydrogen 

As a first step in tracing the precursor of the hydrogen formed from broth 
the materials given in Table I were tested manometrically by the washed 
suspension technique. The washed suspension, like the growing organism, was 


highly active in liberating hydrogen from the tryptic digest broth. The high rate / 


from broth compared with the very low rate from glucose alone shows clearly/ 
that traces of contaminating glucose cannot be responsible for the gas productiow- 
from broth. { ~ 
Table I \o 
Substrate 
Tryptic digest broth (10 mg. N/ml.) 
Acid hydrolysate caseinogen (17 mg. N/ml.) 
Acid hydrolysate gelatin (29 mg. N/ml.) 
Peptone (Difco) 2% 
Glucose M/10 
Formate M/10 


Tryptic digest broth + glucose 
Tryptic digest broth + formate 


Substrate 0-7 ml., buffer pH 7-2 0-5 ml., bacterial suspension 0-4 ml. Water to 2-3 ml. 


There remained a possibility that cell division might be necessary for 
hydrogen formation; it might be that the non-formation of gas from glucose 
and formate was due to the inability of the organism to grow on these substrates 
alone. This is disproved since glucose and formate slightly depress rather than 
increase H, production when mixed with broth (Table I). 

It appeared most likely that the source of hydrogen in broth would be found 
among the amino-acids which are its main constituents. This view was supported 
by the experiments with the acid hydrolysates and peptone. The amino-acids 
available to us were therefore tested with washed suspensions for H, production 
(Table IT). Most of the amino-acids were obtained from Hoffman-La Roche and 
were used in neutral solution. Cysteine was neutralized immediately before use ; 


Table II 


Hydrogen produced Hydrogen not produced 
l( +)-Glutamic acid Glycine 
l( + )-Aspartic acid l( — )-Alanine 
dl-Serine l( — )-Leucine 
l( — )-Cysteine l( +)-Valine 
l( — )-Cystine* l( — )-Proline 
l( — )-Histidine l( — )-Hydroxyproline 
l( — )-Methionine i — )-Phenylalanine 
l( — )-Tyrosine l( — )-Tryptophan 

l( + )-Ornithine 

l( + )-Lysine 

U( + )-Arginine 


Substrate M/30, organisms 12-16 mg. dry weight, W/15 phosphate buffer pH 7-2. 
* Traces only. 
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cystine and tyrosine, being comparatively insoluble at pH 7, were used as neutral 
suspensions. With cystine and cysteine, filter-paper impregnated with 10% 
cadmium sulphate was placed in a second side-bulb as an additional means of 
removing the H,S which is also formed. In experiments with methionine 10% 
zine acetate absorbers were used, as a mercaptan appeared to be produced. 

A number of the amino-acids liberating gas not absorbed by alkali (glutamic 
acid, aspartic acid, serine, cysteine, histidine) were tested on a larger scale 
without CO, absorption. The gaseous products on analysis proved to be H, and 
CO,. No other gas was detected except hydrogen sulphide in the case of cysteine. 

During the course of the work a number of carbohydrate and non-amino- 
substances, some of which were considered possible intermediates in amino-acid 
breakdown, were tested for H, production (see Table III). Analysis of the 
gaseous products of large-scale experiments with pyruvate, fumarate and malate 
confirmed the production of H, and CO,. 


Table III 


Hydrogen not formed 





Hydrogen formed 


Pyruvate Formate Tartrate 
Fumarate Galactose Citrate 
l( — )-Malate Lactose Oxalate 
d-Glucose Succinate Acetoacetate 
d-Maltose Lactate fB-Hydroxybutyrate 
Glycerol Acetate a-Ketoglutarate 
Propionate Ethyl alcohol 
Butyrate Acetaldehyde 
Aldol 


Substrate //40, organisms 12-16 mg. dry weight, M/15 phosphate buffer pH 7-2. 


The absence of a formic hydrogenlyase enzyme is of particular interest since 
formate is usually regarded as the immediate precursor of hydrogen in fermenta- 
tions brought about by facultative anaerobes. No data are available as to the 
formic hydrogenlyase activity of strict anaerobes which produce H, from 
carbohydrates. The possibility that the comparatively high concentration of 
formate used (7/30) was toxic to the organisms was checked by repeating the 
experiment with more dilute formate. The following results were obtained : 


pl. H, per hr. 


Blank 27 
Formate M//30 20 
M/250 23 
M/500 22 


There is no indication of hydrogen production even with 1/500 formate; 
furthermore the presence of formate slightly inhibits the blank H, evolution. 
It appears improbable that hydrogen is produced via formate in the case of 
Cl. tetanomorphum. 

Relative rates of hydrogen production. The relative rates of hydrogen production 
from the different substrates varied somewhat with different batches of organisms. 
Of the various substrates pyruvate gave the most constant rate of H, evolution, 
Qy, values of 25-30 usually being obtained. Nine determinations with different 
batches of organisms yielded the following results: 


Qu, values 


Range 24-7-30-0 
Mean 27-2 
Standard deviation 2-16 
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Compared with pyruvate, the other substrates varied considerably with different 
batches of bacteria both as to absolute rate of H, production and relative rate 
compared with one another. It was decided, therefore, to adopt the rate with 
pyruvate as a standard (= 100) for any suspension and to express the rates with 
other substances as % of the rate with pyruvate. This value will be referred to 
as the activity index. Table IV summarizes the results of a large number of 
determinations with the various substrates and different suspensions arranged 
in order of mean activity index. The standard deviation gives some idea of the 
degree of variability experienced, in spite of growing the organisms and preparing 
the suspensions under, as far as was known, uniform conditions. 





Table IV 
Activity index 
co A 
Substrate No. of exps. Range Mean Standard deviation 

Pyruvate ° . 100 . 

l( +)-Glutamate 5 53-80 67-4 12-27 
Fumarate 7 28-86 64-3 20-32 
l — )-Cysteine 5 30-64 45-0 13-56 
dl-Serine 7 32-57 43-7 11-10 
l( — )-Malate 8 14-57 40-1 14-56 
l( + )-Aspartate 9 7-60 38-7 19-39 
I — )-Histidine 7 21-43 29-4 7-32 
d-Glucose 6 7-37 20-7 11-20 
l( — )-Tyrosine 3 15-24 20-0 . 
Glycerol 2 7-18 12-5 

l( — )-Methionine 3 8-12 10-0 - 
d-Maltose 5 4-17 10-0 6-04 
l —)-Cystine 1 : 1-2 


Substrate M/30, organisms 12-16 mg. dry weight, M/15 phosphate buffer pH 7-2. 


The four-carbon compounds aspartate, fumarate and malate show the 
greatest variation; some suspensions were completely inactive towards these 
substrates although decomposing pyruvate and glutamate at about the usual 
rate. In the case of cysteine the rate of H, evolution fell off rapidly with time 
if comparatively large amounts (0-5 M/10) were used; this may be due to local 
poisoning by H,S. The absorption of H,S is, of course, always slightly in arrear 
of the formation of H,S in the culture. 

The organism is not a vigorous sugar fermenter. The rate of H, production 
from glucose is only } of that from pyruvate and is considerably slower than 
that from most of the amino-acids. The activity of the glucose enzyme is 
somewhat variable. Maltose, the only other sugar fermented, is attacked very 
slowly. 

It is hard to account for the variation in the relative rates at which the 
various substrates are attacked by different batches of organisms. With all strict 
anaerobes it is difficult to obtain identical growth even though the growth 
conditions are standardized ; possibly enzymes attacking the various amino-acids 
are formed at different stages during growth and tend to disappear as their 
substrates become exhausted. It is hoped in future work to follow the relation 
between time of growth and the activity of the suspensions towards some of 
the substrates. 

Total hydrogen formation. The absolute amount of H, evolved was determined 
for most of the substances attacked by the organism. The mean results of a large 
number of experiments, expressed as mol. H, formed per mol. of substrate, are 
given in Table V. In the case of substances attacked slowly, the organisms were 
tested for activity towards pyruvate at the end of the experiment in order to 
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Table V 
Mol. formed per mol. substrate 
ee eee 
Substrate H, CO NH, 
l( +)-Glutamate 0-27 0-85 0-92 
‘Miteaies oig (0-72* oa7t 
: 0-147 10-53+ 0-477 
l( +)-Aspartate 0-90 1-41 0-87 
l( — )-Histidine 0-14 0-67 2-17 
l( — )-Cysteine 0-30 0-84 0-90 
l( — )-Cystine 0-05 1-69 1-75 
l( — )-Tyrosine 0-39 0-87 0-97 
l( — )-Methionine + + + 
Glycine 0 0 0-05 
l( — )-Alanine 0-01 0-02 0-04 
l( — )-Leucine 0-02 0-06 0-10 
i +)-Valine 0 0-02 0-04 
l( — )-Phenylalanine 0-01 0-02 0-06 
l( — )-Proline 0-01 0 0-07 
l( — )-Hydroxyproline 0-01 0 (-) 
l( — )-Tryptophan 0-02 0 (-) 
l( +)-Lysine 0-01 0-01 0-01 
U( +)-Ornithin 0-01 0-01 0-03 
l( +)-Arginine 0-01 0 0-04 
Pyruvate 0-28 0-84 
Fumarate 1-04 1-51 
l( — )-Malate 0-98 1-50 
d-Glucose 1-95 + 
d-Maltose + + 
Glycerol + + 
* Experiment incomplete. + Value at which rate fell sharply. 
+ =positive. (-—)=not tested. 


be sure that the cessation of H, production was not due to the organisms having 
become inactive. The amount of substrate taken was 0-05-0-3 ml. M/10 according 
to the rate of breakdown. Pyruvate solutions were standardized by the carbo- 
xylase method of Westerkamp [1933]. No attempt was made at quantitative 
determinations with substrates attacked very slowly, as the relatively large 
blank in long experiments renders such results unreliable. The amino-acids may 
be divided into two groups: (1) those giving large amounts of H,, (2) those giving 
no H, or traces only; the latter is probably due to the presence of traces of 
the active amino-acids as impurities. Pyruvate, glutamate and cysteine yield 
approximately 0-3 mol. H, per mol. of substrate. With serine the results are a 
little complicated by the fact that as no /-serine was available the dl-compound 
was used. The curve for H, production from dl-serine (see Fig. 2) indicates that 
the d-isomeride is also attacked slowly by the organism, for after a rapid formation 
of H,, the curves turn over sharply and H, formation then proceeds at a slow 
rate. With other substrates H, formation proceeds rapidly to completion and the 
_ cessation is abrupt. It will be shown later that the deamination of dl-serine 

proceeds in a similar way to H, formation (see Fig. 6), and further that the NH, 
formed during the period of rapid activity corresponds with the complete 
deamination of one isomeride of the di-serine. The H, production at the break in 
the curve will therefore be assumed to indicate approximately the amount of 
H, formed from J-serine. Allowing for the fact that dl-serine was used it will be 
seen (Table V) that 1 mol. of J-serine also yields approximately 0-3 mol. Hy. 
Tyrosine gives rise to a rather larger amount of H, (0-39 mol.), whilst histidine 
gives only 0-14 mol. Only traces of hydrogen are evolved from cystine, possibly 
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owing to a reduction of a small part of this compound to cysteine by substances 
present in the organism. 


I( +)-Aspartate 


(+)-Glutamate 


Pyruvate 


pl. H, evolved 


dl-Serine 





0 20 40 60 80 100 120 
Time (min.) 


Fig. 2. Course of H, production. 1+) Glutamate 0-2 ml. M@/10; pyruvate 0-2 ml. /10; 
(+) aspartate 0-3 ml. M/40; dl-serine 0-2 ml. M/10. 


Glucose is broken down with the formation of 2 mol. of H,; it would appear 
therefore that glucose cannot be disrupted via pyruvic acid since 2 mol. of the 
latter would give only 0-6 mol. H,. 

The four-carbon compounds aspartate, malate and fumarate were the only 
substances tested yielding 1 mol. H, per mol. of substrate. The H, evolution 
shows a tendency to fall off as the reaction nears completion (see aspartate, 
Fig. 2); the enzymes responsible for H, evolution seem to have a lower affinity 
for these substrates than is the case with pyruvate and glutamate. 

The total H, formation with a given substrate appeared to vary somewhat 
with different batches of organisms, particularly in the case of substrates giving 
less than 1 mol. H,. A large number of determinations have been made with 
pyruvate and glutamate as the reactions are rapid and the organisms blank 
is small in short period experiments. Table VI summarizes the results obtained 


Table VI 
Pyruvate Glutamate Aspartate 
No. of exps. ine 27 21 6 
Mol. H, formed per mol.: 
Range 0:18-0:37 0:16-0:39 0-86-0-94 
Mean 0-28 0-27 0-91 


Standard deviation 0-0496 0-0728 0-0313 
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with different suspensions. All values are the means of duplicate estimations not 
varying by more than 3%. Some figures for aspartate (which yields 1 mol. H,) 
are included for comparison. In the case of pyruvate and glutamate these 
differences are well beyond the limits of experimental error as the extreme values 
represent a difference of over 100%. 

There remains a possibility that the blank H, production by the organisms 
alone does not occur in the presence of fermentable substrate and that the 
variation observed is due to differences in the blank subtracted rather than in 
the H, formed from the substrate. However the blank in these experiments was 
always less than 10% of the H, evolution from e.g. pyruvate and there was no 
correlation between a high blank and low H, formation or vice versa (see 
Table VII). A similar variation in total H, is obtained if the organism blank is 


not subtracted. 
Table VII 


Mol. H, per mol. pyruvate 


SO a eee | 
Blank Blank not % blank of 
subtracted subtracted H, evolution 
0-18 0-19 
0-22 0-23 
0-26 0-28 
0-35 0-39 
0-36 0-39 


Substrates yielding 1 mol. H, give more constant results; with aspartate 
(Table VI) the maximum variation does not exceed 10 % and similar results are 
obtained with malate and fumarate. A possible explanation of the variable 
amounts of H, obtained from pyruvate and glutamate is that these substances, 


or some intermediate in their breakdown, are attacked in two or more ways by 
the organism, and that only one of these methods gives rise to H,. The amount 
of H, produced would then depend on the relative strengths of the enzymes 
catalysing the different modes of breakdown. Such a theory of variability of 
the enzyme constitution of the cell is supported by the results already reported 
on the variability of the relative rates of H, production from the various 
substrates by different batches of organisms. 

Effect of pH on rate of Hz formation. Fig. 3 shows the influence of pH on the 
initial rate of H, formation from pyruvate and glutamate. The optimum is not 
sharp, the rate being at least 90% of the maximum between pH 6-4 and 7-2 
with pyruvate and between pH 6-7 and 7-4 with glutamate. The optimum in 
both cases is approximately pH 7. Fig. 4 illustrates an experiment with 
glutamate in which the rate of H, evolution at different pH values was followed 
for some time. It will be seen that the activity of the organisms falls off markedly 
in the acid range but remains more constant on the alkaline side of the optimum. 

Optimum temperature. All the experiments described have been carried out 
at 32-33°. In short duration experiments faster rates were occasionally observed 
at 37° but the activity of the suspensions decreased rapidly at this temperature. 

Sensitivity of the washed suspensions to oxygen. The necessity for keeping the 
washed suspensions of Cl. tetanomorphum anaerobic has already been emphasized. 
The results of a quantitative experiment designed to test the loss of activity of 
suspensions exposed to air in liberating H, from glutamate is shown in Fig. 5. 
A freshly prepared suspension of the organisms was divided into two parts; one 
part was at once thoroughly evacuated and stored at 0°. The second part was 
pipetted into the side-bulbs of manometer vessels and left exposed to the air 
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at room temperature. At intervals the manometers were made anaerobic and 
the initial rate of H, formation from glutamate measured. Similar determinations 
were made with the suspension stored in vacuo at 0°, the manometers being filled 
with N, in this case immediately after adding the organisms. 


ul. H, evolved 


% of rate at pH 6-98 


58 6°2 6°6 7-0 7-4 7°8 20 «400—=C Cs 60s—si8—«‘d00—s=«1220 
pH Time (min.) 


Fig. 3. Effect of pH on initial rate of H, formation. Fig. 4. Effect of pH on rate of H, 
e Glutamate. o Pyruvate. production from glutamate. 
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Fig. 5. Sensitivity of suspensions to oxygen. 
e Organisms exposed to air at room temperature. o Organisms stored in vacuo at 0°. 


It will be seen that there is a serious loss of activity with the organisms 
exposed to air, amounting to 20% in the first hour. It is obvious that in 
comparative experiments with this organism stringent precautions must be 
taken to avoid exposing the suspensions to O, while setting up the experiments. 
The practice adopted throughout the present work has been to evacuate the 
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freshly made suspension thoroughly, fill the tube with N, and keep at 0°. 
Experimental vessels were made anaerobic immediately after transferring the 
organisms from the storage tube. 

The suspensions are comparatively stable when kept in vacuo at 0° (Fig. 5). 
Organisms stored in this way still retained 50% of their original activity after 
24 hr. and 15% after 48 hr. 


Production of carbon dioxide 


Production of carbon dioxide was tested manometrically with all substrates 
giving rise to hydrogen. The amino-acids not producing hydrogen were also 
tested in order to determine whether decarboxylation occurred without H, 
formation. In the cases of cysteine and cystine the technique described earlier 
(p. 1774) had to be modified as the method estimates as CO, the H,S which is also 
formed from these substances. In these cases therefore the manometers used 
for the H, + CO, estimations contained 0-3 ml. acid 10% cadmium sulphate (with 
filter-paper) in the centre tubes as H,S absorbent. In the hydrogen estimations 
the KOH absorber for CO, also takes up H,S; as an additional precaution CdSO, 
absorbers were placed in a second side-bulb. In the methionine experiments 
zine acetate absorbers were used in both H, and H,+CO, determinations to 
remove any mercaptan formed. 

It will be seen (Table V) that all substrates attacked with the production of 
H, also yield CO,. Quantitatively the substances giving approximately 0-3 mol. 
H, gave about 1 mol. CO,. dl-Serine gives a greater amount of CO, than would be 


Glutamate 


Cystine 


10 20 30 40 50 
Time (min.) 


Fig. 6. Rate of CO, formation. 


expected on the assumption that 1 mol. of CO, is formed and that only the 
natural isomeride is attacked ; there is additional evidence from H, and deamina- 
tion figures that the other isomeride is also attacked slowly. The four-carbon 
compounds aspartate, malate and fumarate (which give 1 mol. H,) appear to 
evolve 1-5 mol. CO,. 
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Cystine, which gives only traces of H,, is decomposed with evolution of twice 
as much CO, per molecule as is yielded by cysteine; this would be expected 
if each cysteine moiety of the cystine molecule were attacked in a manner 
similar to cysteine. 

The rate of evolution of CO, from cystine is of some interest (Fig. 6). The 
reaction appears to be autocatalytic in the early stages, the rate of CO, formation 
increasing with time. Eventually the evolution becomes linear. With all other 
amino-acids the rate is linear from the moment of tipping in the substrate ; serine 
and glutamate are given for comparison in Fig. 6. It was thought that the 
initiation of the decomposition of cystine might depend on the presence of a 
trace of cysteine, H, evolved or potentially formed from the latter reducing 
some cystine to cysteine, which would then be decomposed and at the same time 
reduce more cystine and so on. This would explain both the autocatalytic effect 
and the absence of H, formation with cystine. Experimentally, however, the 
addition of 1/20 the amount of cysteine to the cystine only reduced the auto- 
catalytic period from 60 min. to 50 min.—an effect not sufficiently marked to 
support the above hypothesis. 

The amino-acids forming only traces or no H, gave negative results for CO, 
formation. Except with cystine there was no decarboxylation without con- 
current H, formation. 

Deamination of amino-acids 


The amino-acids tested above for H, and CO, formation were also tested for 
ammonia production when incubated anaerobically with washed suspensions of 
Cl. tetanomorphum. The usual procedure was to analyse the contents of Warburg 
pots for ammonia at the end of a quantitative experiment on H, or CO, pro- 
duction.. The results are given in column 3 of Table V. All amino-acids yielding 
H, and/or CO, were deaminated. The other amino-acids (giving traces of, or no, 
H, and CO,) showed only traces of NH,. Glutamate, aspartate, cysteine, cystine, 
tyrosine and methionine were almost completely deaminated since they all 
produced between 0-88 and 0-97 mol. NH, per amino-group of the original 
amino-acid. 

Since histidine contains only one amino-group in its side chain and since 
more than 1 mol. of NH, is produced, it follows that disruption of the iminazole 
ring must have occurred. Edlbacher and co-workers [1930; 1934] have obtained 
evidence with animal tissues of the breakdown of histidine via glutamic acid; 
a similar breakdown would explain the origin of H, from histidine with 
Cl. tetanomorphum since it has been shown that glutamic acid gives rise to Hy. 

In the case of di-serine deamination proceeds rapidly and parallel with H, 
formation until 50°% deamination has occurred, corresponding with complete 
deamination of one isomeride of the serine (see Fig. 7). At this point NH, 
formation suddenly decreases sharply and proceeds at a slow rate. The rate 
of deamination with glutamate, which proceeds almost linearly and ceases 
abruptly, is given for comparison. The deamination results support the view, 
deduced from the course of H, evolution, that the d-isomeride of serine is also 
attacked, though much more slowly, by the organisms. 

“ Stickland reaction.’’ Working with Cl. sporogenes, Stickland [1934] demon- 
strated that linked reactions occurred between pairs of amino-acids, one of 
which was oxidized and the other reduced. Two typical reactions are those 
between alanine and glycine and between alanine and proline. In each case 
alanine is oxidized and deaminated; glycine is reduced and deaminated and 
proline reduced without deamination. Since none of these amino-acids is 
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appreciably deaminated alone by Cl. sporogenes, the production of NH; (beyond 
the controls) from a mixture of two amino-acids is an indication that a reaction 


100% deamination glutamate 


i(+)-Glutamate 


dl-Serine 


ml. N/100 NH, formed 





Time (hr.) 
Fig. 7. Course of deamination 0-4 ml. M/10 U( +)-glutamate; 0-5 ml. M/10 dl-serine. 
is taking place. The possible occurrence of such coupled reactions with Cl. tetano- 
morphum was tested with the alanine-proline and alanine-glycine systems and 
washed suspensions of the organism (Table VIII). There is no increase above the 
controls with either pair of amino-acids. 
Table VIII 


(All values less organism blank) 


ml. V/100 

Substrate NH, formed 
Alanine 0-1 
Proline 0-2 
Glycine 0-2 
Alanine + proline 0-15 
Alanine + glycine 0-15 

Quantities used: 0-4 ml. M/10 substrate, 1 ml. phosphate buffer pH 7-2, 0-4 ml. bacterial 


suspension, water to 2-4 ml. Incubated 4 hr. 32°. 


Other reaction products 


It is proposed to deal in a future paper with the more detailed chemistry 
of the decomposition of pyruvate and glutamate. A few points of a general 
nature may be mentioned here. All the substrates yielding H, which have 
been tested in large-scale experiments for the formation of volatile fatty acids 
have given positive results (Table IX); quantitative data are given only when 
the results of at least three determinations are available. 

Evidence will be presented in a following paper that in the cases of pyruvate 
and glutamate the volatile acid is a mixture of acetic and butyric acids. With 
pyruvate the quantities found are in general agreement with the equation: 

3CH,.CO.COOH +H,0 — CH,.COOH +CH,.CH,.CH,.COOH +3C0, +H . 


—- 


—— 
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Table IX 


(All values less appropriate control) 


Equivalents volatile 
acid formed per 


Substrate mol. substrate 
Pyruvate 0-63 
l( + )-Glutamate 1-46 
dl-Serine - 
l( — )-Histidine + 
Fumarate + 
l( — )-Malate + 


A small amount of lactic acid (about 5%) is also formed from pyruvate, but 
not from glutamate. 


Discussion 


The liberation of molecular hydrogen during the decomposition of a number 
of amino-acids by Cl.tetanomorphum constitutes, as far as the authors are aware, 
a mode of breakdown of amino-acids not so far described for any type of cell. 
For bacteria in particular the process is of interest in that Cl. tetanomorphum 
appears to contain no formic hydrogenlyase enzyme; formate is usually con- 
sidered to be the precursor of H, produced by bacteria. All the available evidence 
in this case is against the view that the H, arises through formate as an inter- 
mediary. Formate, even in very low concentration, gives no hydrogen when 
incubated with the organism. Since formate slightly depresses rather than 
increases the rate of H, formation from broth and from the organisms without 
added substrate, it seems unlikely that it is decomposed with formation of H, 
by interaction with some other intermediary. Additional evidence against this 
view is provided by the following experiment in which the absolute amount of 
H, from pyruvate was measured both in the presence and absence of formate: 


ul. H, formed Qu, 
0-2 ml. M/10 formate 0 0 
0-2 ml. M/10 pyruvate 102 27-2 
0-2 ml. M/10 formate + 0-2 ml. M/10 pyruvate 100 26-8 


Formate increases neither the rate nor the total H, formed. The present 
evidence suggests therefore that some immediate precursor of H, other than 
formate must be sought. Discussion of the possible mode of origin of the H, is 
best deferred until the complete breakdown products of some of the substrates 
yielding H, have been quantitatively established. Stephenson & Stickland [1932] 
(see also Stephenson [1937]) obtained some evidence that with Bact. coli and 
glucose H, may arise by some other mechanism than via formate. 

Recently Brown et al. [1937] have shown that pyruvic acid is dissimilated 
by suspensions of Cl. butylicum (Beyerinck) Donker (an organism of the butyric 
acid-butyl alcohol group characterized by the formation of isopropyl] alcohol) in 
a manner very similar to that described for Cl. tetanomorphum in the present 
paper. At pH values above 6-3 the products obtained from pyruvate are H,, 
CO,, acetic acid and butyric acid. Two experiments quoted show mean values 
for H, and CO, production of 0-25 and 1-01 mol. per mol. of pyruvate utilized. 
Furthermore this organism does not attack formate. 

As far as could be ascertained by the methods of investigation employed— 
H,, CO, and NH, formation—only 8 of the commoner amino-acids (glutamic 
acid, aspartic acid, serine, cysteine, cystine, methionine, tyrosine and histidine) 
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are attacked by Cl. tetanomorphum to any appreciable extent. It is difficult to 
imagine any anaerobic method of decomposition of amino-acids in which neither 
NH, nor CO, would be produced. Since the organism grows vigorously on tryptic 
digest broth, which is essentially a mixture of amino-acids, it would appear that 
the decomposition of amino-acids is probably an important energy-yielding 
reaction of the cell. 

It is noteworthy that, with the exception of cystine, all the amino-acids 
shown to be attacked in any way are broken down with evolution of H,. 

The decomposition of amino-acids with evolution of insoluble gas might play 
an important part in the setting up of gas gangrene in wounds infected by this 
organism. Although Cl. tetanomorphum itself has but little proteolytic activity, 
other anaerobic organisms also found in infected wounds, such as Cl. histolyticum 
and Cl. putrificum, have powerful proteolytic enzymes and would readily provide 
the amino-acid substrates necessary for H, formation by Cl. tetanomorphum. 


SUMMARY 


1. Washed suspensions of Cl. tetanomorphum decompose a number of amino- 
acids with production of hydrogen. With the exception of cystine all amino-acids 
attacked by this organism in any way yield hydrogen; in each case carbon 
dioxide and ammonia are also formed. 

2. The amino-acids decomposed in this way are: 1(+)-glutamic acid, 
dl-serine, I(+)-aspartic acid, ({—)-histidine, /(—)-cysteine, J(—)-cystine, 
l(—)-tyrosine and 1(—)-methionine. The other common amino-acids are not 
appreciably attacked. 

3. Pyruvate, fumarate, l(—)-malate, d-glucose, d-maltose and glycerol are 
also decomposed with evolution of hydrogen and carbon dioxide. 


We wish to express our gratitude to Dr Stephenson for much encouragement 
and advice and to Sir F. G. Hopkins for his interest in this work. We are indebted 
to Mr N. W. Pirie for the gift of l(—)-methionine. 
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In recent years there has been considerable interest in the nature, distribution 
and function of accessory nutritive factors required by certain bacteria in 
addition to suitable nitrogen, carbon and mineral sources. The excellent reviews 
by Knight [1936] and by Burrows [1936] make it unnecessary to summarize 
here any but the most recent developments in this field. 

Knight [1937] has reported that the basic factor necessary for the growth 
of Staphylococcus aureus in acid-hydrolysed media can be replaced by mixtures 
of vitamin B, and nicotinic acid or its amide. Richardson [1936] reports that for 
anaerobic growth this organism requires uracil and pyruvic acid in addition to 
the above basic factor. 

Lwoff & Lwoff [1937] have discovered that factor V, which is necessary for 
growth of certain haemophilic organisms, can be completely replaced by very 
small amounts of Warburg coenzyme or cozymase. Mueller [1937, 1, 2] has identi- 
fied pimelic acid as an accessory substance needed for growth of a strain of the 
diphtheria bacillus. 

Orla-Jensen et al. [1936, 1, 2] have shown that riboflavin is required by 
certain lactic acid bacteria and state that one or more other accessory sub- 
stances are necessary for proper growth of these organisms. Wood, Anderson & 
Werkman [1937] have confirmed the above work with respect to riboflavin, 
which they find is also required by the propionic acid bacteria in addition to the 
ether-soluble factor previously reported [Wood, Tatum, and Peterson, 1937]. 
Tatum et al. [1936] believe that vitamin B, is also required by some of the 
propionic acid bacteria. 

In the third paper of this series [Snell e¢ al. 1937] it was demonstrated that 
the addition of an aqueous potato extract to a peptone-glucose-mineral salts 
medium markedly increased its ability to support growth of Lactobacillus 
delbriickiit. A similar medium prepared with acid-hydrolysed peptone or casein 
plus tryptophan proved to be inadequate even in the presence of the potato 
extract, and it was concluded that the intact peptone contained a second sub- 
stance essential for the normal nutrition of this organism. Preliminary examina- 
tion of the “potato factor” and the “peptone factor” indicated that the former 
was an acidic substance whilst the latter was basic in character. Further, it was 


1 This work was supported in part by a grant from the Special Research Fund of the Graduate 
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found that an aqueous liver extract was capable of replacing both factors, inas- 
much as the addition of such material allowed good growth and fermentation in 
a medium composed of tryptophan, acid-hydrolysed casein, glucose and mineral 
salts. 

In this paper are presented the results of a further study of the properties of 
one of the active substances from liver and of attempts to effect its isolation. 
Inasmuch as previous experience had suggested that the “peptone factor” 
might prove to be less dispensable than the ‘“‘potato factor” for lactic acid 
bacteria, the former has been made the object of the present investigation. 

The selection of a medium suitable for assaying preparations of the “peptone 
factor” presented some difficulties, the chief problems being to find a nitrogen 
source free from the substance in question, and to avoid misinterpretation of 
results arising from multiple deficiencies. Media containing peptone or casein 
from which the active substance had been removed either by acid hydrolysis or 
treatment with alkali supported somewhat erratic growth, when sources of the 
“peptone factor” were added. The certainty of response to active material was 
found to be greatly improved by the inclusion of sodium acetate in the medium. 
The sodium acetate presumably exerts a buffer action, but may also have a 
specific function concerned with the initiation of growth. Following the sug- 
gestion of Orla-Jensen et al. [1936, 1] the effect of riboflavin was investigated 
and proved to be decidedly beneficial, the flavin apparently having been pre- 
viously present in suboptimum quantities. As expected, it was found necessary 
to include tryptophan in media containing acid-hydrolysed peptone as the source 
of nitrogen. The addition of cystine to such media also seemed to improve the 
growth response. 

With the aid of a basal medium built along the lines indicated above a search 
for potent sources of the “‘ peptone factor” was made, and considerable fractiona- 
tion of a suitable material (liver extract) carried out. The active material has 
been found to be an acidic ether-extractable organic substance and appears to 
be essential for growth and fermentation of a variety of lactic acid bacteria. It 
exhibits detectable stimulatory action on L. casei in dilutions as high as 
1 : 300,000,000, and thus seems definitely to act as a growth accessory substance 
in the sense in which this term is used by Burrows [1936]. 


EXPERIMENTAL 
Cultures 


Pure cultures of 13 species of lactic acid bacteria were selected on the basis 
of their fermentation characteristics as representative of the various types of 
bacteria in this group. They were as follows: Lactobacillus delbriickii 3; L. casei 1; 
L. helveticus; L. bulgaricus; L. mannitopoeus 26; L. arabinosus 17-5; L. pentosus 
124-2; L. pentoaceticus 41-11; L. gayoni 36; Bacillus brassicae 6-26; B. lactis 
acidi B1 1; Leuconostoc mesenterioides P60; and Streptococcus lactis R. Cultures 
were made in yeast-water glucose agar. For inoculum the cells from 10 ml. of a 
24 hr. culture in yeast-water glucose medium were centrifuged down and re- 
suspended in 10 ml. of 0-9 % saline solution. 1% inoculum was used. For pur- 
poses of routine testing L. delbriickii was usually employed. L. casei proved to 
have some advantages and was used in part of the later work. 


Technique of biological testing 
Two media, both deficient in the accessory factor, were developed. Medium A 


had the following % composition: acid-hydrolysed peptone 0-5, glucose I, 
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sodium acetate 0-6, tryptophan 0-01, cystine 0-01; inorganic salts;! riboflavin 
0-01 mg./100 g. The acid-hydrolysed peptone was prepared by autoclaving a 
35 % solution of Bacto peptone in 20% sulphuric acid (by volume) overnight. 
The sulphuric acid was exactly removed with barium hydroxide. Medium B 
consisted of NaOQH-treated peptone 0-5, glucose 1, sodium acetate 0-6, cystine 
0-01 %; inorganic salts; riboflavin 0-01 mg./100 g. The sodium hydroxide treat- 
ment consisted in allowing an 8% solution of Bacto peptone in N NaOH to 
stand 23 hr. at room temperature; the alkali was neutralized with glacial acetic 
acid. 

The media were first made up in 10 times the above concentrations, and the 
fractions to be tested were incorporated during the subsequent dilution. The 
fermentations were carried out in test-tubes containing a total volume of 10 ml. 
of medium. The tubes were autoclaved at 15 lb. pressure for 15 min., cooled, 
and inoculated. L. delbriickii, L. casei, L. helveticus, L. bulgaricus, and B. lactis 
acidi were incubated at 37°, all other cultures at 28°. Fermentation was followed 
by direct titration of the acid produced during 5-6 days’ growth. The close 
correlation between growth and acid production previously noted [Snell e¢ al. 
1937] was also observed throughout the present work. Growth of the test 
organisms on either of the unsupplemented media was usually too slight to be 
detected visually. 

Sources of the growth factor 


An alcohol-soluble liver fraction? proved to be a rich source of the active 
substance. The potency of this material as compared with that of Difco yeast 


ml. 0-1 N acid formed 
per 10 ml. medium 





2-0 3-0 


mg. supplement per 10 ml. medium 


Fig. 1. Effect of various supplements on acid production by L. delbriickii in medium A. 
A, alcoholic extract of liver (Wilson & Co.). B, dried pork liver. C, yeast extract (Difco). 


extract and of dried, ground pork liver is indicated in Fig. 1. The alcohol- 
soluble liver fraction is roughly 10 times as active as the yeast extract and 3 
times as active as the dried liver per unit of weight. Similar data have shown it 
to be 2-3 times as active as a water extract of liver, and about 20 times as active 


1 The inorganic salts were used in the following concentrations: K,HPO,, 0-50 g.; KH,PO,, 
0-5 g.; MgSO,, 7H,0, 0-2 g.; NaCl, 0-01 g.; FeSO,,7H,0, 0-01 g.; MnSO,, 3H,0, 0-01 g.; in 1000 ml. 
of medium. 

2 A by-product of the commercial preparation of the pernicious anaemia factor, consisting of 
that portion of an aqueous extract of beef liver which remains soluble in 92% alcohol. We wish 
to thank Dr David Klein of the Wilson Laboratories, Chicago, for supplying the liver fractions 
used in this work. 
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as a commercial, lactose-free, whey concentrate. In view of its high activity and 
ready availability the alcohol-soluble liver fraction has been used as the starting 
material in the following fractionation procedure. 

Apparently uncontrollable variations in growth on identical media at different 
times rendered it difficult to base a unit of activity directly on the fermentation. 
K6égl’s scheme [1936] of correcting such inherent variability by reference to a 
suitable standard preparation was therefore adopted. A quantity of the alcohol- 
soluble liver fraction was set aside as a standard. One unit of activity was 
defined as that activity residing in 0-03 mg. of the standard preparation. The 
results of a large number of assays of this preparation indicate that the unit so 
defined is a satisfactorily constant value, and represents a conversion of approxi- 
mately one-half the available glucose into lactic acid. 

















Fractionation procedure 





The procedure finally adopted for preparation of active concentrates is 
illustrated by the following run. Details of the assay results are given in Table I. 

(1) Lead precipitation. 75 g. of the alcohol-soluble liver fraction were dis- 
solved in 400 ml. of water, and filtered. The insoluble portion was washed well 
with water, and to the combined filtrate and washings was added a solution of 
105 g. lead subacetate in 300 ml. of water. The heavy yellow precipitate was 
filtered off, resuspended once in water, filtered and the washings added to the 
main filtrate. Concentrated ammonia was then added until the mixture was just 
alkaline to litmus. The second yellow precipitate was at once filtered off, the 
filtrate being collected in a flask containing an excess of 5% acetic acid. The 
precipitate was resuspended once in water, filtered and the washings added to 
the main filtrate. Excess lead was removed with H,S, the precipitated PbS 
boiled up twice with water and the deep yellow washings added to the main 
filtrate : 

(a) Starting material: 75 g.=2,500,000 units (1 unit in 0-03 mg.). 

(6) Lead filtrate solids: 90 g.=2,250,000 units (1 unit in 0-04 mg.). 

Although no apparent concentration of the factor was accomplished by this 
treatment, it was found necessary to make the subsequent step successful. 

(2) Charcoal adsorption. The lead filtrate, which had a pH of 3-6-4-0, was 
diluted to 6 litres and stirred 1 hr. at room temperature with 130 g. of active 
charcoal (Pfanstiehl, ‘‘Norite A”). The charcoal was filtered off, washed well 
with water, stirred twice in succession with 500 ml. of 50% alcohol at 70—80° 
for 45 min. each time, and then twice with 500 ml. of a mixture of pyridine- 
methyl alcohol-water (1: 2:1) at room temperature. The deep yellow eluates 
were combined and evaporated to dryness at reduced pressure below 60°. The 
dry material was a deep brown, hygroscopic syrup: 

(a) Charcoal eluate: 9-2 g.=2,300,000 units (1 unit in 4y). 

(6b) Charcoal filtrate: inactive. 

(3) First ether extraction. The charcoal eluate was dissolved in 100 ml. of 
water, the solution adjusted to pH 6-8-7-0 with NaOH and extracted con- 
tinuously with ether for 12 hr. The pH of the aqueous residue was brought to 
1-0 with H,SO, and the extraction continued for 24 hr. longer, the extracts 
being removed at the end of 5, 12, and 24 hr. respectively. The acid ether extracts 
were combined and the solvent removed from all fractions in vacuo: 

(a) Neutral ether extract: 2-0 g., inactive. 
(6) Acid ether extract: 1-9 g.=1,900,000 units (1 unit in ly). 
(c) Aqueous residue: inactive. 
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Che acid ether extract consisted of a viscous, yellow-brown syrup, from 
which a mass of colourless, needle-shaped crystals usually separated. When the 
mixture was rubbed up with a small amount of chloroform, the syrupy part 
dissolved and the crystals could be filtered off. After recrystallization from ethyl 
acetate the substance proved to be inactive, and was shown by neutralization 
equivalent, M.P., mixed M.P. and preparation of the p-phenylphenacyl 
derivative to be identical with succinic acid. 

(4) Second ether extraction. It was found that the active substance in the 
acid ether extract above could be enriched by re-extracting with ether. A 
solution of 2-4 g. of such material in 25 ml. of water was adjusted to pH 1-0 with 
H,SO, and continuously extracted with ether. The extract was collected in 
three portions after 3, 15, and 20-5 hr. of extraction: 

(a) Starting material: 2-4 g.=2,420,000 units (1 unit in ly). 
(6) First fraction: 1-357 g.=452,000 units (1 unit in 3y). 

(c) Second fraction: 0-503 g.= 1,006,000 units (1 unit in 0-5y). 

(d) Third fraction: 0-154 g.=308,000 units (1 unit in 0-5y). 

(e) Aqueous residue: 200,000 units. 

The second fraction above represents the most active concentrate so far 
obtained, and for brevity is referred to in subsequent discussions as Fraction L. 


Table I. Activity of liver fractions 








Activity 
c ; Te 
Concentration in y ml. 0-1 N acid formed per 
per 10 ml. 10 ml. medium 

c 7 7» c 
Supplement to medium A* (a) (d) (c) (d) (a) (5) (c) (d) 
None — — _- — 1-9 1-8 — — 
Alcohol-soluble fraction of liver 30 60 180 300 6-0 8-4 9-2 9-2 
Lead filtrate 30 60 180 300 49 8-1 9-3 9-2 
Norite filtrate 30 60 180 300 1-8 1-8 2-0 3-9 
Norite eluate 2 4 12 20 5-0 8-0 9-3 9-3 
Neutral ether extract 1 3 5 10 1-9 1-9 2-0 2-2 
lst acid ether extract 0-5 1 3 5 3-5 6-2 9-1 9-3 

2nd acid ether extract: 

(a) Ist fraction 0-5 1 3 5 2-3 2-7 4-2 5-7 
(6) 2nd fraction 0-5 1 3 5 5-6 7-1 8-9 8-9 
(c) 3rd fraction 0-5 1 3 5 6-2 7-9 8-9 8-9 


* Assay organism: L. delbriickii. 


Properties of the active substance 


(1) General. Fraction L consisted of a yellow-white, sticky solid, free from 
sulphur, halogens and phosphorus, but containing 4-4 °% N (micro-Kjeldahl). It 
dissolved easily in water, absolute alcohol, acetone, ethyl acetate and glacial 
acetic acid at room temperature, sparingly in ether or chloroform and hardly 
at all in benzene or light petroleum. The ash from a potent preparation 
showed no activity. 

(2) Stability. Data showing the activity of potent preparations after being 
treated in various ways are given in Table IT. 

The active substance was quickly destroyed at 150°, but appeared to be 
stable at 80-90°. Autoclaving in neutral solution had an adverse effect only 
after several hours. The substance was apparently much more resistant to acid 
than to alkali, but was readily destroyed by N acid at 100°. Information 
obtained incidentally in connexion with the fractionation procedure and other 
operations described below make it appear probable that the factor is stable 
to 10% Na,CO, and to NH,OH for at least } hr. at room temperature. A neutral 
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Table II. Stability of the active material to acid and alkali 
Activity 


ml. 0-1N 
acid formed 
Concentration per 10 ml. 


Supplement to medium A* Treatment per 10 ml. 
None — — — 18 
Alcohol-soluble fraction of liver None ef 1-0 mg. 9-6 
In N NaOH 24 hr. at i 1-0 mg. BT 
room temperature 
In N NaOH 1 hr. at 100° , 1-0 mg. 
In N HCl 1 hr. at 100° 5 1-0 mg. 
In N HCl 24 hr. at room 1-0 mg. 
temperature 


Acid ether extract Not autoclaved 3y 
Autoclaved at 15 Ib.: 
pH 6-9, 2 hr. 3y 
pH 6-9, 5 hr. 3y 
me Heated, 150°, 30 min. 3y 


Fraction L Unheated + 1-0y 
80-90°, 3 hr. . 1-0y 


* Assay organism: L. delbriickii. 


Phone 


2? 


” 


1 ie 


2? 


solution of an active preparation showed no loss of activity after 5 months’ 
storage in diffuse daylight. 

(3) Effect of various reagents. (a) Diazomethane. A chloroform solution of an 
ether extract (1 unit in 3y) was treated with an excess of diazomethane in ether, 
allowed to stand overnight and then evaporated to dryness under reduced 
pressure. The remaining waxy solid was completely inactive. 

(b) Acetylation of an ether extract (1 unit in ly) with acetic anhydride 
in pyridine solution at 100° resulted in complete loss of activity. A control 
solution treated in the same manner but with glacial acetic acid in place of 
acetic anhydride showed no loss of activity. 

A repetition of the experiment using 3:5-dinitrobenzoyl chloride in place 
of acetic anhydride led to a considerable decrease in activity (1 unit in 5y), 
although shaking the same material with 3:5-dinitrobenzoyl chloride and 10% 
Na,CO, at room temperature had no noticeable effect. 

(c) Hydrogen peroxide. A 2-7% solution of a charcoal eluate (1 unit in 3y) 
heated to 100° for 1-5 hr. in 3% hydrogen peroxide showed only a slight 
diminution in activity (1 unit in 3-4y), although the solution was somewhat 
bleached by the treatment. 

(d) Nitrous acid. The activity was decreased somewhat less than one-half 
by allowing an active fraction (1 unit in 0-75y) to stand overnight at 8° in the 
presence of excess nitrous acid generated from sodium nitrite plus dilute acetic 
acid (product: 1 unit in 1-25y). 

(e) Bromine. Exposure of a potent concentrate (1 unit in 0-75y) to the 
action of excess bromine in glacial acetic acid at room temperature for 30 min. 
also resulted in destruction of approximately one-half the activity (product: 
1 unit in 1-25y). 

(4) Precipitation reactions. Attempts to secure fractions of increased activity 
by the use of precipitation reactions have met with no success. The active 
material was not precipitated by Neuberg’s reagent, HgCl, in alcohol, phospho- 
tungstic acid in sulphuric acid solution, lead subacetate, lead acetate or lead 
acetate and ammonia. In all but the lead precipitations the activity of the 








GROWTH FACTORS FOR BACTERIA 1795 


unprecipitated material was decreased rather than increased by the procedure, 
while the precipitated portions were inactive or showed only slight activity. 
No enhanced activity was observed in any case by combining the filtrate and 
precipitate. The bulk of the material invariably remained in the soluble portion. 

Barium salts prepared from an active ether extract were largely soluble in 
95 % alcohol. The insoluble barium salts exhibited no activity when freed from 
barium and assayed. The alcohol-soluble salts were active, but in no lower con- 
centration than the starting material (1 unit in ly). 

No concentration was effected by precipitating with ammoniacal silver oxide. 

(5) Adsorption. Lloyd’s reagent, aluminium oxide and the sulphides of 
lead, silver, and mercury all failed to adsorb the active substance from water 
solution. It was adsorbed by various activated charcoals, but complete adsorp- 
tion occurred only when relatively large quantities of adsorbent were used. 


Table IIla. Effect of growth factor on other species of lactic acid bacteria 


Activity 
Supplement to medium A ml. 0-1N 
- SS acid formed 
Organism Fraction y per 10 ml. per 10 ml. Visible growth* 
L. arabinosus None = — 6-1 6-1 +++ +++ 
Alcohol-soluble liver 60 300 9-4 9-0 ++t4+ +4+4++4+ 
Acid ether extract 0-8 4-0 9-4 9-4 ++t++ t+4+4++ 
L. bulgaricus None --- — 1-2 1-2 - - 
Alcohol-soluble liver 60 300 3-8 5-1 ++ +++ 
Acid ether extract 0-8 4-0 2-6 3-3 ++ ++ 
L. casei None — + 1-1 1-0 - - 
Alcohol-soluble liver 60 300 7-1 8-7 +++ ++++ 
Acid ether extract 0-8 4-0 5-5 8-1 +++ ++H44+ 
L. helveticus None — — 1-5 1-8 = + 
Alcohol-soluble liver 60 300 5-0 8-5 +++ ++++ 
Acid ether extract 0-8 4-0 2-1 6-2 ao +++ 
L. pentosus None — — 3-1 3-0 ++ ++ 
Alcohol-soluble liver 60 300 7-4 9-4 ++ttt+ +++ 
Acid ether extract 0-8 4-0 4-8 9-4 ++4++ 4+4+4++ 
L. gayoni None — _— 0-8 0-8 + = 
Alcohol-soluble liver 60 300 3-8 4-7 ++et+ t+ttt 
Acid ether extract 0-8 4-0 2-1 4-2 +++ t+++t+ 
L. mannitopoeus None — _— 0-9 0-9 + - 
Alcohol-soluble liver 60 300 4-5 4:8 ++t++ 4+4+4++ 
Acid ether extract 0-8 4-0 2-3 4-7 +++ ++++ 
L. pentoaceticus None -= - 0-8 0-8 + + 
Alcohol-soluble liver 60 300 3-8 4-7 ++t++ +4+++ 
Acid ether extract 0-8 4-0 2-1 4-2 +++ ++++ 
B. brassicae None — — 6-0 6-0 oe ++ 
Alcohol-soluble liver 60 300 9-3 9-0 ++t+ +++ 
Acid ether extract 0-8 4-0 9-2 9-3 +t+t+ ttt 
B. lactis acidi None — = 2-0 2-0 + = 
Alecohol-soluble liver 60 300 5-8 9-4 +++ ++t++ 
Acid ether extract 0-8 4-0 5-5 9-3 +++ ++++ 
L. mesenterioides None = — 1-9 1-9 ~ ~ 
Alcohol-soluble liver 60 300 5-7 8-6 ++et+ +4+4++ 
Acid ether extract 0-8 4-0 4-4 9-0 t+et+ ++4H+ 
S. lactis None _ — 2-2 2-2 a + 
Alcohol-soluble liver 60 300 3-9 4-1 +++ +++ 
Acid ether extract 0-8 4-0 3-7 4-6 +++ +++ 


* — indicates no visible growth; + questionable; + slight growth; ++ fair growth: 
+++ heavy growth; + +++ very heavy growth (with sediment). 
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Effect of the growth factor on other species of lactic acid bacteria 


The effect of the active substance on other members of the group of lactic 
acid bacteria has been investigated. The results of the experiments are given in 
Table IIIa. In those cases where fairly good growth occurred in the basal 
medium alone, subcultures were made from the control tubes after 24 hr. into 
a second set of tubes with and without the accessory substance added. The 
results are given in Table IIIb. The growth factor appears to be essential in 


Table IIIb. Effect of growth factor on other species of lactic acid bacteria 





Activity 
ml. 0-1N acid , 
Supplement to medium A produced 
—_—_—_—"———_ per 10 ml. 
Organism Fraction y per 10 ml. medium Visible growth* 
L. arabinosus None — — 1-4 15 + + 
Alcohol-soluble liver 60 300 9-2 9-2 ++t++ +4+4++ 
Acid ether extract 0-8 4-0 9-3 9-4 t+te++ ++tt+ 
L. pentosus None — = 0-3 0-4 = - 
Alcohol-soluble liver 60 300 7:3 9-3 ++++ 4+4+4++ 
Acid ether extract 0-8 4-0 58 8-5 +++ +4+++ 
B. brassicae None — — 13 1:3 = - 
Alcohol-soluble liver 60 300 8-8 8-2 t+et++ +4+4++ 
Acid ether extract 0-8 4-0 9-3 9-1 ++++ t+4+++ 
B. lactis acidi None — — 1-8 1-9 oh ch 
Alcohol-soluble liver 60 300 6-1 9-3 +++ ++++ 
Acid ether extract 0-8 4-0 4-4 9-3 +++ ++++ 
L. mesenterioides None — — 0-9 0-9 ~ 
Alcohol-soluble liver 60 300 3-6 45 +4+4++ 44++4++ 
Acid ether extract 0-8 4-0 3-3 3-6 t++t++ ++tt+ 
S. lactis None — — 0-8 0-8 - ~ 
Alcohol-soluble liver 60 300 2-9 3-1 +++ +++ 
Acid ether extract 0-8 4-0 2-5 3-0 t++ +++ 


* As in Table IIIa. 


every one of these cases. Enough of the essential substance is apparently con- 
tained in the washed cells of the original inoculum to permit the amount of 
growth indicated in Table IITa. 

Visual observations of the amount of growth are given as an aid in inter- 
preting the effect of the stimulatory substance on the bacteria. Thus the rather 
moderate acidity produced by S. lactis really corresponds to heavy growth, 
since this organism rarely produces more than 0-5% lactic acid in a culture, 
whereas organisms such as L. casei will produce three times as much. Similarly 
such organisms as L. pentoaceticus or L. gayoni produced low titratable acidities 
not because growth was not heavy but because non-acidic products such as 
ethyl alcohol are prominent end-products in the fermentations which they bring 
about [Stiles et al. 1925; Peterson & Fred, 1920; Pederson, 1929]. 


Failure of known compounds to replace the active substance 


Several of the compounds reported in recent years to be active stimulants 
for bacteria or plants have been assayed for their effect on the test organism 
used in this work. The results are given in Table IV. None of the compounds 
tested was at all effective in replacing the acid ether extract from liver. 


—_—_EE 
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Table IV. Effects of various physiologically active compounds on acid production* 


Activity 
Concentration of optimum 
a en concentration 
Range Optimum ml. 0-1 N acid 
Material tested per 10 ml. y per 10 ml. per 10 ml. 
None — — 1-9 
Acid ether extract 1 -10y 3 9-4 
Auxin-ay 0-5-10y 5 1-9 
Sodium salts from urine (pimelic acid) 0-5-100y 100 1-9 
B-Indolylacetic acid 1ly—10 mg. 10 2-0 
Nicotinamide 0-5-5y 5 1-9 
Vitamin B, 0-5-5y 5 1-9 
Uracil 0-5-5y 5 2-0 
Nicotinamide ( 0-5-5y 5 ) 2.0 
plus vitamin B, | 0-5-5y 5) a 
Pyruvic acid 0-5-5y 5 1-8 


* Medium A. Test organism: L. delbriickii. 
+ The authors wish to thank Prof. F. Kégl for the sample of auxin-a and Prof. J. H. Mueller 
for a sample of sodium salts containing pimelic acid. 


Comparison of the active substance with tryptophan and riboflavin 


It was of interest to compare the weights of tryptophan, riboflavin, and 
Fraction L required to produce a growth response. The medium used in each 
case was deficient in the particular substance being tested, but was provided 
with an abundance of the other two. Results of suitable experiments are quoted 
in Table V. 


Table V. Comparison of the effects of tryptophan, riboflavin and the acidic 
ether-soluble factor on growth of L. casei 





Activity 
A 
ml. 0-1.N acid produced 
Medium Supplement y supplement per 10 ml. medium per 10 ml. medium 
A Tryptophan 0 1 3 5 1-5 2-8 4:8 5-4 
10 30 50 100 6-1 6-6 7-2 7-2 
B Riboflavin 0-0 0-05 0-1 0-3 1-4 3-3 53 8-3 
0-5 1-0 3-0 5-0 9-7 9-7 9-7 9-7 
B Acid ether extract L 0-0 0-01 0-03 0-05 1-1 2-0 2-0 4-5 
(1 unit =0-5y) 0-1 0-3 0-5 1-0 5-0 5-7 7-0 8-8 
3-0 5-0 — — 9-4 9-4 — — 


The effect of tryptophan becomes apparent at a concentration of 0-ly per ml. 
of medium, and reaches a maximum at slightly over 3y per ml. Riboflavin is 
detectable in a concentration of less than 0-005y per ml., and reaches its maximum 
effect at 0-05y per ml. Fraction L can be readily detected in concentrations of 
0-001-0-003y per ml., the maximum effect being attained at 0-1-0-3y. The 
active substance in Fraction L thus appears to act as a true accessory factor, 
comparable with riboflavin. 


DISCUSSION 


The fact that the active substance is extracted by ether from acid but not 
from neutral solutions seems to indicate that it is an acid. This behaviour taken 
together with its non-precipitability by the various reagents tried shows quite 
definitely that it has no basic properties. The precipitation tests also make it 
probable that the substance does not belong to any of the common classes of 
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nitrogenous compounds brought down by these reagents, i.e. amino-acids, 
N bases, purines, pyrimidines etc. although such deductions must necessarily 
be-of a tentative character. The information obtained concerning the stability 
of the active substance under various conditions and the effect of certain reagents 
on it must be regarded at present more as a guide to further attempts at purifi- 
cation than as a basis for extensive speculations regarding its possible chemical 
nature. 

The relationship of the accessory growth substance described in the present 
paper to the “potato factor” and the “peptone factor” previously reported 
[Snell, e¢ al. 1937] is not entirely clear. The basal media used in the present work 
were presumably free from both the latter factors and yet supported excellent 
growth in the presence of the active substance from liver. Probably the former 
results were complicated by multiple deficiencies. Thus the “‘ potato factor” has 
been found stimulatory but non-essential when the medium contained CaCO, 
or especially sodium acetate, and the medium previously used for assaying the 
“peptone factor” appears in the light of present knowledge to have been 
deficient in riboflavin. It seems probable that the present factor is the active 
substance other than riboflavin, which was contained in preparations of the 
“peptone factor”’. 

It will be recalled that the “‘peptone factor” appeared to be a basic sub- 
stance, whereas the active substance from liver is quite obviously an acid. This 
discrepancy is perhaps explicable on the basis that the latter exists partially 
in a combined form in natural materials. Only a fraction of the total activity 
of fresh liver is contained in a water extract thereof, and of that portion which 
does go into solution only a part is soluble in 92% alcohol. Similarly crude 
peptone contains considerable amounts of the active substance, but none of it is 
extractable by ether under acid conditions. 

Fraction L may of course contain active substances corresponding to both the 
“potato factor” and the “peptone factor”, but no indications of any such 
heterogeneity have ever been observed, although combinations of the fractions 
resulting from the various operations have frequently been assayed. 

A possible relationship to the ether-extractable substance reported by Wood, 
Tatum and Peterson [1937] to be essential for the propionic acid bacteria is by 
no means excluded. Experiments designed to test this point have yielded 
conflicting results and are being continued. 

The active substance from liver differs from most other acidic factors re- 
ported necessary for bacteria. The “‘sporogenes vitamin” [Knight & Fildes, 
1933] is much more stable to alkali than is Fraction L. The plant auxins do not 
replace it nor does nicotinic acid, either alone or in combination with vitamin B,. 
While there seems to be a rough similarity between the properties of the active 
substance and those of pantothenic acid [Williams e¢ al. 1933], the available 
evidence is too limited to warrant discussion of the relationship of the two 
factors. The factor reported by Orla-Jensen et al. [1936, 1] as essential for lactic 
acid bacteria in addition to riboflavin was stable to alkali. If it is required by 
the organisms used in this work, it must be present in the basal medium. 


SUMMARY 


A procedure is described for obtaining from an alcohol-soluble liver extract 
an acidic, ether-extractable substance, which is essential for the normal growth 
of 14 species of lactic acid bacteria. The effect of the concentrate is evident in 
amounts as low as 0-003y per ml. of medium. 
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The active substance is rather labile to heat, acid and especially to alkali and 
is somewhat labile to mild treatment with bromine and nitrous acid. It is not 
affected by a number of common precipitating agents or by hydrogen peroxide. 

Comparison of properties and direct replacement tests seem to indicate that 
the active substance differs significantly from other bacterial growth factors. 
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THE procedure usually employed for the estimation of the furfuraldehyde yield 
of plant materials is the phloroglucinol method of Kréber [A.0.A.C. 1935], but 
this method is time-consuming and the materials required are rather costly. 
Powell & Whittaker [1924] recommended the bromine titration method as giving 
consistent results which agreed with those obtained by the phloroglucinol 
procedure. The bromine method takes a much shorter time (about an hour) and 
the materials required are more easily available. 

A preliminary comparison of the two methods showed that the bromine 
method gave good agreement with the phloroglucinol procedure for plant 
materials (Table I). 


Table I. Furfuraldehyde yield from plant materials 
Furfuraldehyde yield by 


Amount Bromine Phloroglucinol 

Plant material taken titration precipitation 
mg. mg. 
(1) Rice straw 400 53-2 
(2) Oat straw 300 49-4 
(3) Barley straw 300 49-8 
(4) Ragi straw 300 54-1 
(5) Grass (lawn mowings) 500 38-4 
(6) Bracken leaves 1000 42-2 


An examination of the applicability of either method to soils and materials 
admixed with soil raised several difficulties. The first lay in the procedure for 
distillation itself. It was found highly inconvenient to follow Kréber’s procedure 
of adding 30 ml. portions of 12% HCl every 10 min. directly to the distilling 
flask, on account of the excessive bumping of the soil mass. This was avoided 
by taking 700 ml. of 12% HCl in a conical flask and distilling it into a 300 ml. 
distilling flask containing the soil material mixed with 50 ml. of 12% HCl, at 
such a rate that 500 ml. were collected in 2} hr. This volume of distillate was 
found sufficient to collect almost the whole of the total furfuraldehyde yield 
obtainable from the material concerned. 

The second difficulty met with was the adverse effect of the presence of soil 
on the yield of furfuraldehyde obtained. Considerably lower values were 
obtained in most cases (vide Table II) in presence of soil than in its absence, as 
has already been reported elsewhere [Acharya, 1937]. 
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FURFURALDEHYDE YIELD OF SOIL 


Table II. Influence of soil on the estimation of furfuraldehyde yield 


Furfuraldehyde yield in mg. (values for the 
soils only have been deducted in each case) 


Pe = ‘+ 
tice straw Wheat straw Barley straw 

Soil added 0-4 g. 0-4 g. 0-4 g. 

(1) Control value without the addition of soil 55-2 69-6 65-4 
(2) 5g. Paddy soil from Aduturai (India) 38-4 52-8 49-2 
Do. ignited 32-4 46-2 43-8 
58-2 54-0 
52-2 47-6 
66-0 62-4 
59-4 56-4 
69-6 65-4 
69-6 65-4 


(3) 5 g. Paddy soil from Coimbatore (India) 
Do. ignited 

(4) 5g. Woburn soil (sandy loam) (England) 
Do. ignited 


Cry ee 


(5) 5 g. Woking soil (sand) 
Do. ignited 


oo FO wer 
toh Ato Sr 
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The results presented in Table II are typical of those obtained by an 
examination of a large number of soil samples. Heavy soils generally showed a 
greater interfering effect in the estimation of furfuraldehyde than light and 
sandy soils, and the adverse effect increased with the proportion of soil to plant 
material taken. This interfering effect was not due to the organic matter fraction 
of the soil (e.g. lignin), as shown by the fact that ignition of the soil not only 
failed to remove, but increased the harmful effect. 

A detailed examination of the nature of the interference of soil in the 
estimation showed it to be due to the presence of oxidizing compounds in the 
soil, e.g. ferric and manganese compounds and nitrate (vide Table III). Bengtsson 
[1936] has noticed that in presence of nitrate lower values are obtained for 
furfuraldehyde and has recommended that in such cases the material should be 
washed with water to remove the nitrate before distilling for furfuraldehyde. 
Such a treatment, however, when applied to the soils examined, instead of 
improving the recovery of furfuraldehyde, actually tended to lower it, showing 
that the oxidizing action of soil is due only in minor degree to the nitrate 
content, but is brought about mainly by the inorganic mineral constituents, 
such as ferric and manganese compounds. 


Table III. Influence of oxidizing agents on the recovery of furfuraldehyde 


Furfuraldehyde yield in mg. 





Cc = ‘ 
Furfur- Rice 5 g. Aduturai 
aldehyde straw soil and 0-4 g. 

Substance added solution 0-4 g. of rice straw 

(1) Control value without any addition 60-6 68-4 52-8 

(2) Ferrous sulphate, 1 g. 60-6 68-4 52-8 

(3) Ferric alum, 1 g. 58-2 57-0 46-2 

(4) Ferric chloride, 1 g. 56-4 40-2 

(5) Ferric oxide, 1 g. 55-2 24-0 

(6) Manganous chloride, 1 g. 60-6 68-4 

(7) Manganese dioxide, 1 g. Nil 9-0 

(8) Sodium nitrate, 1-2 mg. 58-2 65-4 


As the removal of the interfering constituents could not be effected by water, 
an attempt was made to reduce the compounds. Various reducing agents such 
as Sn and HCl, Zn and HCl, Devarda’s alloy in alkaline medium were tried, 
but the best was found to be the addition of stannous chloride (10% solution 
in HCl). This was therefore added to the soil in all distillations, and a comparison 
of the bromine titration and phloroglucinol methods was made. 
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Table IV gives the influence of adding different amounts of stannous chloride 
on the yield of ‘‘apparent furfuraldehyde”, as determined by the two methods. 
The figures show that whereas the bromine value increases rapidly with increasing 
amounts of stannous chloride added, the phloroglucinol value first rises to a 
steady level and then shows an actual decrease. That the increase in bromine 
value was not due to a portion of the added stannous chloride being carried 
over with steam into the distillate was shown by running suitable blanks. 


Table IV. Influence of the amount of stannous chloride added 
on the recovery of furfuraldehyde from soils 


Furfuraldehyde yield by 





Phloroglucinol method 


0a OF 
Bromine Before After 
titration alcohol alcohol 
method treatment treatment 
Amount of stannous chloride added mg. mg. mg. 
(1) Rice straw, 0-4 g. only 53-2 52-1 518 
(2) Aduturai soil, 5 g. and 0-4 g. rice straw, 35-3 34:7 34-2 
without stannous chloride 
(3) Do. with 5 ml. SnCl, 53-6 52-8 52-1 
(4) Do. with 10 ml. SnCl, 58-1 52-2 51-0 
(5) Do. with 15 ml. SnCl, 62-6 46-4 40-1 
(6) Do. with 25 ml. SnCl, 67-2 38-2 26-5 
(7) Blank with 25 ml. SnCl, only without Nil Nil Nil 


added material 


The increasing solubility of the phloroglucinol precipitate in alcohol, at 
higher concentrations of stannous chloride, suggested the formation of methyl- 
furfuraldehyde under these conditions [cf. Fenton & Gostling, 1901]. An exam- 
ination of the behaviour of non-pentose carbohydrates such as glucose, starch and 
cellulose in presence of stannous chloride confirmed this view (Table V). Ap- 
parently, in the case of straw, the excess of stannous chloride should have 
similarly interacted with the non-pentose materials therein. Methylfurfur- 
aldehyde combines with bromine similarly to furfuraldehyde, and it is difficult 
to distinguish between the two or to determine their relative proportions by 
this method. With phloroglucinol, however, methylfurfuraldehyde is partially 
precipitated as a brown precipitate which is readily soluble in hot alcohol. It 
is therefore possible to separate the two compounds and obtain correct values 
for furfuraldehyde only by treating the combined precipitates with boiling 
alcohol. 


Table V. Influence of SnClz on the distillation of non-pentose 
materials with 12°/, HCl 


Apparent furfuraldehyde yield by 
ce 





c tok 
Phloroglucinol method 


ee ee 
Bromine Before After 
Added 10 ml. of 10% SnCl, and distilled. titration alcohol alcohol 
Controls without SnCl, deducted method treatment treatment 
in each case mg. mg. mg. 
(1) Glucose, 1 g. 48-4 35°3 Nil 
(2) Soluble starch, 0-5 g. 44-1 33-7 Nil 
(3) Filter paper, 1 g. 22-2 15-1 Nil 
(4) Oat straw cellulose, 0-5 g. 31-4 23-2 Nil 


(5) Lignin, 0-5 g. Nil Nil Nil 
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When there is only a slight excess of stannous chloride present beyond what 
is necessary to reduce the oxidizing substances contained in the soil sample 
taken, the bromine and phloroglucinol methods give concordant results. With 
larger amounts of stannous chloride up to nearly twice the required amount, 
the phloroglucinol value remains stationary while the bromine value steadily 
increases and the distillate becomes coloured yellow (v. Table IV). This difference 
between the two methods is apparently due to the fact that within this range 
the amount of methylfurfuraldehyde formed is comparatively small (about 
10% of the furfuraldehyde produced) and is but partially precipitated by 
phloroglucinol. Even the small amount that may be so precipitated can be 
removed by treatment with boiling alcohol. With larger amounts than double 
the required quantity, however, the effect of stannous chloride is to depress the 
amount of furfuraldehyde formed and increase that of methylfurfuraldehyde 
and its volatile decomposition products. Hence the bromine value continues to 
increase, while the phloroglucinol value decreases, and the residue after alcohol 
treatment shows a still more rapid decrease. 

Usually, a quantity of 10% SnCl, corresponding to 1 ml. per g. of soil taken 
is found to be a good approximation to the quantity required for reduction 
of oxidizing substances present ; and the distillates obtained are colourless. Sandy 
soils require rather less, whilst clayey soils require relatively more. As it is 
difficult, however, to judge beforehand the exact amount of SnCl, to be added 
in each case, and a slight excess vitiates the bromine value, but does not affect 
the phloroglucinol value, it is concluded that for soils and plant residues mixed 
with soil, distillation of the material with 12°, HCl in presence of stannous 
chloride and estimation of the furfuraldehyde evolved by precipitation with 
phloroglucinol, followed by extraction of the precipitate with boiling alcohol, is 
preferable to the bromine titration method of Powell & Whittaker [1924]. 


SUMMARY 


1. The present paper reports a comparison of the bromine titration method 
of Powell & Whittaker and the gravimetric phloroglucinol method for the 
estimation of the total furfuraldehyde yield of soils and plant materials admixed 
with soil. In the absence of soil, the two methods were found to give concordant 


results. 
2. In presence of soil, however, low results were obtained by both the 


methods, owing to the presence of oxidizing agents such as ferric and manganese 
compounds and nitrate in the soil, which apparently oxidize a portion of the 
furfuraldehyde during the course of distillation with 12% HCl. The addition 
of stannous chloride in regulated amounts serves to reduce such oxidizing agents 
and yield the proper recovery of furfuraldehyde. About 1 ml. of 10% SnCl, 
per g. of soil was found to be sufficient for most soils and to leave a slight excess. 

3. This excess of stannous chloride, however, tends to produce methyl- 
furfuraldehyde, which reacts with bromine and increases the ‘‘apparent” 
furfuraldehyde yield as determined by bromine titration. The interference is 
much less in the case of phloroglucinol, as methylfurfuraldehyde is only 
partially precipitated by this reagent and even this interference can be removed 
by treating the combined precipitate with boiling alcohol, in which the impurity 
is easily soluble. A large excess of stannous chloride, however, gives a coloured 
distillate and depresses the formation of furfuraldehyde. 

4. Hence, it is concluded that for soils and plant materials mixed with soil, 
distillation of the material with 12% HCl in presence of stannous chloride and 
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estimation of the furfuraldehyde by precipitation with phloroglucinol, followed 
by extraction of the precipitate with boiling alcohol, is preferable to the bromine 
titration method of Powell & Whittaker. 


In conclusion, the writer desires to thank Sir John Russell and Mr E. H. 
Richards of the Rothamsted Experimental Station, England, and Prof. 
V. Subrahmanyan of the Indian Institute of Science, Bangalore, for facilities 
accorded to carry out the investigation. 
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THE investigation in several laboratories of a variety of animal depot fats has 
revealed certain marked characteristics with respect to the amount of major 
component acids and their distribution among the complex mixture of glycerides. 
There is accumulating evidence of the extreme differences between marine or 
aquatic and land animal depot fats. The former are constructed from a much 
more complex mixture of fatty acids, largely unsaturated; the latter contain 
chiefly C,, and C,, acids with varying but larger amounts of saturated acids 
(30-60%). Hilditch & Lovern [1936] have called attention to these differences 
and have indicated the gradual change in the fat depot composition of animals 
at various stages of evolutionary development. They show a gradual disappear- 
ance of polyethenoid C,,, Cop and Cy5_5, acids and the C,, and C,, monoethenoid 
acids (myristoleic and palmitoleic acids). In the present communication the 
occurrence in beef tallows of small amounts of tetradecenoic and hexadecenoic 
acids is demonstrated, in addition to the presence of a C.) unsaturated acid [ef. 
Brown & Sheldon, 1934]. These findings are related to the observations of 
Hilditch & Lovern. 

Land animal depot fats appear to contain relatively constant amounts of 
palmitic acid (25-30 mol. %) and total C,, acids (65-70 mol. %). Stearic acid is 
more variable, occurring in (a) small amounts (5-10 mol. %) in depot fats of the 
hen [Grossfeld, 1931; Hilditch et al. 1934], goose [Bomer & Merten, 1922; Gross- 
feld, 1931], rat [Banks et al. 1933; Spadola & Ellis, 1936], and horse [Heiduschka 
& Steinruck, 1921]; and (6) in larger amounts (20-30 mol. %) in depot fats of the 
ox [Armstrong & Allan, 1924; Banks & Hilditch, 1931], sheep [Collin e¢ al. 1929], 
reindeer [Baughman e¢ al. 1929] and camel [Armstrong & Allan, 1924]. The stearic 
acid content of pig depot fat [Bhattacharya & Hilditch, 1931; Banks & Hilditch, 
1932; Dean & Hilditch, 1933, 2] is intermediate, as a rule, between those of the 
two groups. Examination of the glyceride structure has indicated an even dis- 
tribution of the component fatty acids (resembling that for seed fats of similar 
composition) in the cases where stearic acid forms only 5-10 mol. % of the total 
fatty acids [cf. Banks e¢ al. 1933]. With larger amounts of stearic acid (20-30 mol. 
%) a relationship between the molar content of saturated acids and the molar 
percentage of fully saturated glycerides has been reported [cf. Hilditch & 
Sleightholme, 1931]. The present work supports these conclusions. 


1 National Research Council Fellow. 
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EXPERIMENTAL 


Three samples of beef tallow have been studied. They were obtained through 
the courtesy of Capt. Golding of the National Institute for Research in Dairying, 
Shinfield. Tallow I was supplied from an animal of the National Institute’s 
herd; tallows IT and III were purchased from Mr John Cumber, Theale, Berks. 
Approximately 8 lb. of crude fatty tissue were selected from the kidney region of 
each animal. These tissues were minced and extracted as completely as possible 
with boiling acetone. The average yield of neutral fat thus obtained was 88% 
of the original wet weight of the tissue. 

Feeding details for each of the three animals from which the tallows were 
obtained are recorded as fully as possible. It will be seen that tallow I was from 
an animal on a diet intermediate between winter and summer, tallow I, a 
summer (pasture) feeding and tallow III, an intermediate between summer and 
winter diet. 

Tallow I. This sample was from a Shorthorn cow (7 years old) slaughtered 
in May 1936. The animal had been feeding on grass during the winter and from 
Nov. 1935 had been receiving a supplement consisting of 5 Ib. hay, 45 lb. man- 
gels and 15 lb. silage with a concentrate (8 lb.) of 3 parts hominy chop, 3 parts 
dried grains, 1 part crushed oats, 1 part groundnut cake and 1 part linseed cake. 
The cow had been dry since Dec. 1935. 

Tallow II, The animal (a 4-year-old Shorthorn bullock) from which this 
tallow was obtained had been on grass continuously from Apr. 1936 until the 
time of slaughtering, Dec. 1936, and had received no supplementary cake during 
that time. 

Tallow IIT. A third tallow was taken from a 3-year-old Shorthorn heifer 
which had been fed on a heavy loam pasture from May 1936 until 23 Nov. 1936; 
6 weeks before slaughtering, the grass food was supplemented with 1 gallon per 
day of a mixture containing equal parts of Shirley’s grass nuts and Bibby’s 
fattening cake. 

The sap. equiv. and 1.v. of the samples were as follows: 


Table I 
Iv. 
Tallow Sap. equiv. (Wijs) 
I 284-4 43-2 
II 286-4 44-7 
III 284-8 40-4 


The methods used in the detailed analysis of these tallows have been described 
previously on several occasions [Hilditch & Jones, 1929; Hilditch, 1934]. The 
mixed fatty acids obtained from the saponification of about 200 g. of fat were 
washed free from mineral acid and weighed. They were separated as lead salts 
by a modified Twitchell method [Twitchell, 1921; Dean & Hilditch, 1933, 1; 
Banks et al. 1933] involving the use of 10 ml. of alcohol containing 1-5 % acetic 
acid for each g. of mixed acids for the original precipitation of the “solid” lead 
salts and their recrystallization. The acids from both the soluble and insoluble 
lead salts were recovered, weighed and esterified with methyl alcohol. The 
esters from tallow I were fractionally distilled from a Willstatter bulb; those 
from tallows IT and III were analysed using the electrically heated and packed 
column described by Longenecker [1937]. The “liquid” acids and esters were 
stored under nitrogen to prevent oxidative changes. 
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Results of the lead salt separations of the mixed acids from each tallow and 
a set of typical fractionation data are given in Tables II and III. The complete 
fractionation data from which the respective fatty acid compositions of each 
tallow were calculated (Table IV) have been omitted only because of their 


lengthy nature. 


Table II. Lead salt separation of mixed fatty acids 


“Solid” acids 
c——a@@) 


Corresponding 

methyl] esters 
a 

Sap. 

Tallow g. % equiv. Lv. 
I 379-8 54-4 268-9 9-1 
II 254-8 52-0 269-6 7-4 
Ii 198-8 59-2 270-7 12-9 


“Liquid” acids 
ee eee eee 
Corresponding 
methyl esters 
| i 
Sap. 

g. % equiv. Lv. 
318-4 45-6 278-4 82-8 
235-4 48-0 276-0 81-9 
137-0 40-8 276-9 84-0 


Table III. Fractional distillation of methyl esters (Tallow II) 
(electrically heated and packed column) 








No. g. Sap. equiv. Ev. 
(a) Methyl esters of “solid” acids 
$l 2-02 256-1 2-2 
82 2-12 268-0 1-2 
S83 3-01 269-5 1-0 
84 14-15 270-6 0-5 
S85 4-26 284-0 8-6 
S6 11-54 296-9 12-7 
S87 12-87 297-3 11-5 
S88 4-61 303-5 10-9 
54-58 
(6) Methyl esters of “liquid” acids 
Ll 1-14 224-8 16-8 
L2 2-58 239-3 18-6 
L3 7-08 244-5 15-8 
L4 2-64 253-4 20-4 
L5 4-65 264-7 40-3 
L6 5-60 273-2 52-2 
L7 3-06 272-3 46-3 
L8 5-26 282-3 63-9 
*L9 3-17 271-9 48-9 
L10 10-40 289-2 77:3 
L1l 13-94 291-2 81-3 
L12 52-01 295-7 85-4 
L13 67-55 295-8 89-2 
L14 20-00 295-6 89-8 
L15 17-61 295-8 89-8 
L16 10-59 322-8 95-0 ) 
227-28 301-24 96-57! 
* Distillation interrupted. + Residual esters, freed from unsaponifiable. 


In arriving at the final figures given in Table IV several assumptions have 


been made. These were as follows: 


(1) Simultaneous equations were used to calculate the amounts of two 
saturated and two unsaturated acids present in any one ester fraction [cf. 
Hilditch, 1936; Harper et al. 1937]. Where “‘liquid” ester fractions were not 
oxidized to obtain the saturated esters, the equivalent of the latter was assumed 
to be equal to the equivalent of the whole fraction (cf. Table VII for justification 


of this procedure). 
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Table IV. Component acids of beef tallows 
(a) Tallow I (715 g. hydrolysed for analysis; fractionations with Willstiitter bulb) 
“Solid” “Liquid” 


Component acids (544%) (45-6 %) Total % (wt.) % (mol.) 
Saturated: 
Myristic 1-55 1-41 2-96 3-0 3-5 
Palmitic 25-57 3-59 29-16 29-2 31-0 
Stearic 20-98 ~— 20-98 21-0 20-1 
As arachidic 0-37 — 0:37 0-4 0:3 
Unsaturated: 
A*1°.Tetradecenoic — 0-58 0-58 0-6 0-7 
A*:10_Hexadecenoic 0-11 2-54 2-65 2-7 2-8 
Oleic 5-82 35-14 40-96 41-1 39-6 
Octadecadienoic — 1-82 1-82 1:8 1:8 
As arachidonic — 0-21 0-21 0-2 0-2 
Unsaponifiable — 0-31 0-31 _— —_ 


(6) Tallow II (513 g. hydrolysed for analysis; fractionations with 
electrically heated and packed column) 
“Solid” “Liquid” 


Component acids (520%) (48-0 %) Total % (wt.) % (mol.) 
Saturated: 
As lauric — 0-17 0-17 0-2 0-2 
Myristic 1-11 1-95 3-06 3-1 3°7 
Palmitic 21-40 3-42 24-82 24-9 26-5 
Stearic 24-02 — 24-02 24-1 23:1 
As arachidic 0-77 = 0-77 0-8 0:7 
Unsaturated: 
A*19.Tetradecenoic — 0-43 0-43 0-4 0-5 
A®*:10_Hexadecenoic 0-41 2-03 2-44 2-4 2-6 
Oleic 4:29 37°50 41-79 41-8 40-4 
Octadecadienoic = 1-81 1-81 1-8 1-8 
As arachidonic —_ 0-53 0-53 0-5 0-5 
Unsaponifiable _— 0-16 0-16 _— —_ 
(c) Tallow III (356 g. hydrolysed for analysis; fractionations with 
electrically heated and packed column) 
“Solid” “Liquid” 
Component acids (59-2 %) (40-8 %) Total % (wt.) % (mol.) 
Saturated: 
As lauric — 0-11 0-11 0-1 0-2 
Myristic 0-24 1-73 1-97 2-0 2-3 
Palmitic 24-62 2-23 26-85 26-9 28-7 
Stearic 26-43 -- 26-43 26-5 25-4 
As arachidie 1-28 —_ 1-28 1:3 1-1 
Unsaturated : 
A*:1°.-Tetradecenoic — 0-37 0-37 0-4 0-5 
A*0.Hexadecenoic 0-22 1-67 1-89 1-9 2-0 
Oleic 6-39 32-70 39-09 39-1 38-0 
Octadecadienoic — 1-70 1-70 1-7 1-7 
As arachidonic a 0-12 0-12 0-1 0-1 
Unsaponifiable 0-02 0-17 0-19 — —_— 


(2) The mixture of C,, unsaturated esters distilling with hexadecenoic and 
palmitic acids was arbitrarily given the same composition as that of the pure 
C,, unsaturated ester fraction ultimately obtained [ef. the relative inability to 
separate a mixture of oleic and linoleic esters by distillation, Longenecker, 
1937]. 

(3) No saturated acids higher than palmitic were assumed to be present in 
the “‘liquid” esters. It is considered most improbable that more than traces 
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(0-05-0-10 %) of stearic or higher saturated esters were present in the “liquids” 
because of the slight solubility of their lead salts in alcohol. 

(4) The unsaturated acids present in the “solid” ester fractions have been 
calculated as hexadecenoic and octadecenoic acids. The amount of the former 
does not normally exceed 0-1 % of the total fatty acids whereas the occurrence of 
C,, unsaturated acids in the “solids” is 4-0-6-5% [cf. also Table I, Banks & 
Hilditch, 1931]. It is unlikely that C,, acids more unsaturated than mono- 
ethenoid were present in the “solid” acids, since they occurred in only small 
proportions in the “liquid” acids. 


Further study of the occurrence of minor component acids 
(tetradecenoic, hexadecenoic etc.) 


The inclusion, in Table IV, of lauric, arachidic, tetradecenoic, hexadecenoic 
and arachidonic acids among the component acids of tallows seems to require 
somewhat more detailed consideration. These acids have not been previously 
reported in tallows. They form about 4% of the total mixed acids. Previous 
investigators reported only myristic, palmitic, stearic, oleic and linoleic acids. 
Their recalculated results are shown later in Tables XIII and XIV for the 
purpose of comparison with the data presented in this communication. 

The occurrence of these acids was first suspected when we repeatedly 
obtained low mol. wt. fractions with relatively high 1.v. (Wijs) during the normal 
refractionation of the lower ‘“‘liquid” esters. For example, 203 g. of tallow I 
ultimately yielded “liquid” ester fractions as follows: 


No. g. Sap. equiv. Lv. 
Lil 2-84 246-2 30-5 
L12 3-01 258-9 40-7 
L13 3-51 262-0 56-4 


Similar results were obtained by Banks & Hilditch [1931, p. 1169], who attributed 
them to products of oxidative rancidity because of the long storage period 
previous to their analyses. Tallow I had been stored for 5 months before analysis. 
It was considered improbable, however, that this could be offered in the present 
instance as an explanation of the relatively large amounts of low mol. wt. 
material. 

During a refractionation (Willstatter bulb) of lower “liquid” esters in a second 
analysis of the same tallow (I) (212 g.) suitable fractions were taken for oxidation 
by permanganate in acetone. The saturated esters were recovered from these 
oxidations and their sap. equiv. determined. The fractions and the result of their 
oxidations are given in Table V. 


Table V. Fractional distillation and oxidation of low mol. ut. 
“liquid” esters 
Unsaturated 
Original ester fractions Saturated esters esters 





j Amount ——"— (cale.) 
Sap. oxidized Sap. Sap. 
No. g. equiv. Lv. g. g. equiv. equiv. 
(Lil 2-28 251-1 27-6) “ -_ — — 
L12 8-19 260-2 45-6 5-52 2-21 256-1 262-7 
L13 8-29 287-7 69-6 5-41 1-32 268-3 294-6 


The evidence obtained in these oxidations indicated the presence of two 
unsaturated acids of lower mol. wt. than oleic. Subsequently, more efficient 
fractionation equipment was used for all distillations [Longenecker, 1937]. Two 
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combinations of ‘‘liquid” ester fractions (tallow I) obtained earlier with a 
Willstatter bulb were fractionally distilled (Table VI) for qualitative examination 
of these lower mol. wt. acids. These combinations were of ester fractions having 
the following range of analytical data: 
Combination Sap. equiv. ; Lv. 
I 248-3-277-8 26-6-59-6 
II 284-2-288-0 69-6-74-6 


Table VI. Fractional distillation of two recombinations of “‘liquid”’ esters 
(tallow I) in electrically heated and packed column 


Combination I Combination IT 








Sap. Sap. 
equiv. v equiv. 
228-6 222-6 
241-8 267-8 
243-5 270-6 
255-3 270-4 
267-5 270-6 
269-7 271-5 
271-1 284-8 
288-1 3° é 289-7 
294-0 2¢ 4-48 292-8 

L210 10-51 294-8 
L211 10-02 295-7 


oR 


be 
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The occurrence of a lower saturated acid is indicated in these distillations, 
although the presence of lauric acid was not established by isolation of a pure 
specimen. Both L11 and L21 had sap. equiv. which, when corrected for the 
presence of tetradecenoic acid, indicated a high percentage of saturated acids of 


lower mol. wt. than myristic. It is quite possible that the low mol. wt. material 
in these two fractions is some degradation product or products formed from the 
unsaturated acids either on storage or during the distillations. 

In order to establish the presence of hexa- and tetra-decenoic acids more 
conclusively, fractions L12 and L13 (A) were combined for oxidation (perman- 
ganate-acetone) as were L15 and L16 (B) (Table VII). 40g. of KMnO, and 
100 ml. of acetone were used for the oxidation of (A) and 58 g. of KMnO, and 
150 ml. of acetone for that of (B). In each case the manganese oxides were 
reduced with sulphur dioxide. The oxidation products were extracted with 
ether. Acidic scission products were washed from the ether with aqueous 10% 
K,CO, and the saturated esters recovered from the ether after it had been 
washed until neutral to phenolphthalein. Myristic and palmitic acids were 
respectively readily identified in these saturated esters. The K,CO, solution and 
washings were acidified and steam-distilled. The distillate was extracted with 
ether (sp. gr. 0-720), dried over anhydrous Na,SO,, and the ether recovered. 
The residue from the steam distillation was saponified to decompose half esters 
of dibasic acids present and again acidified. The dibasic acids were recovered 
after titration for mol. wt. Recrystallized and dried, they melted at 104° 
(mixed with an authentic specimen of azelaic acid, there was no depression). 

The results of these and other similar oxidations (from ester fractions 
obtained in the course of the analyses of tallows II and ITI) are summarized in 
Table VII. 

From the data in Table VII it is obvious that the unsaturated acid in (A) 
was A®:!°-tetradecenoic acid (C;H,,0,, equiv. 102-1; C,H,,0,, equiv. 94-1) and 
that A%:!°-hexadecenoic acid was present in (B) (C,H,,0,, equiv. 130-1). The 
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Table VII. The oxidation of ‘‘liquid” ester fractions containing 
tetradecenoic and hexadecenoic acids 


Oxidation products 
A 











fT ~ 
Acids 
Saturated Stea m- Non-steam- 
Original esters esters volatile volatile 

‘ ‘ ~ c . — | oe — — c a ~ 

Hi Sap. Sap. Sap. Sap. 
Tallow No. g. equiv. Lv. g. equiv. g. equiv. g. equiv. M.P. 

[ (A) 6-83 242-2 16-7 4-73 242-2 043 1103 035 963 104 

(B) 586 269-2 463 2-78 269-0 104 1352 093 95-1 104° 
II Cy, £17 244-5 158 3:20 241-0 — — 0-22 = 105° 
Cie 444 2690 47-4 2:16 267:3 0-41 135-4 052 956 101° 
TI Cy, 3-56 238-9 146 2-64 235-2 —- — 0-20 — 103° 
Ci. 6-32 268-4 46-9 2-97 267-1 — _ 0-75 96-0 101° 


further data confirm the presence of both tetradecenoic (myristoleic) and hexa- 
decenoic (palmitoleic) acids in tallows IT and III. 

Furthermore, it is clear that in all these fractions (the equivalents of which 
approximate to those of methyl esters of either C,, or C,, acids) the equivalent 
of the saturated esters isolated from the oxidations is in each case almost the 
same as that of the whole original fraction and is, moreover, respectively close 
to that of methyl myristate (242) or palmitate (270). This is, of course, strong 
confirmatory evidence that the unsaturated esters present correspond in mol. 
wt., in these instances, with those of the respective saturated products (i.e. 
belong respectively to the C,, or C,, groups). 


Examination of the C13 unsaturated acids 


The occurrence in tallows of acids more unsaturated than oleic is constantly 
indicated by C,, “liquid” ester fractions with 1.v. higher than can be accounted 
for by oleic acid alone. The usual mean unsaturation of these fractions is —2-1H, 
corresponding to 5% of diethenoid acids. By successive redistillations of the 
C,, unsaturated esters from tallow I, however, a concentrate equivalent to about 
—2-2H was obtained. The corresponding acids of these C,, esters of higher un- 
saturation were further concentrated by the method of Moore [1919], as modified 
by Green & Hilditch [1935, 2]. After two recrystallizations of their lithium salts 
from 80% alcohol, 155-3 g. of Cy, acids (1.v. 100-2) yielded (A) 118-3 g. of acids 
(1.v. 96-2) from the insoluble salts and (B) 36-8 g. of acids (1.v. 112-9) recovered 
from the soluble lithium salts. 

Bromination of the C13 unsaturated acids. 5-48 g. of the acids (B) (1.v. 112-9) 
were brominated in anhydrous ether (55 ml.). The temperature was maintained 


Table VIII. Bromo-additive products of C13 unsaturated fatty acids (B) 
(5-48 g., Iv. 112-9) 
Corresponding 





Bromides unsaturated acids 
Gen a oe x. ee ———— ee 
g. % Br M.P. g. % I.V. 
Insoluble in ether 0-12 65-4 184 (d) 0-04 0-7 306-0 
Soluble in ether, insoluble 0-09 59-4 170 (d) 0-04 0-7 238-2 
in light petroleum at 0° 
Soluble in ether and in 8-92 39-8 Liquid 5°37 98-6 105-0 


light petroleum at 0° 
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below —5° during the addition of bromine (2-6 ml.). After standing overnight 
at 0° the solution was filtered and the precipitate washed with cold ether and 
dried at 90° to constant weight. The filtrate was decolorized with aqueous 
NaHSO, and the ether was recovered. The oily residue was dried under reduced 
pressure, dissolved in light petroleum (B.P. 40-60°) and kept at 0° for 3 hr. The 
insoluble bromo-addition products were filtered, dried and weighed. The weights 
of the bromides, the percentage bromine, M.P. and the calculated 1.v. of the 
unsaturated acids are given in Table VIII. 

Permanganate-acetone oxidation of methyl esters of C13 unsaturated acids. The 
acids (B) from the lithium salts soluble in 80% alcohol were re-esterified and 
oxidized with finely divided KMn0O, in acetone solution [Armstrong & Hilditch, 
1925]. The methy] esters (27-7 g., 1.v. 108-9) were dissolved in acetone (750 ml.) 
to which the permanganate (277 g.) was added gradually. The mixture was 
refluxed for 4 hr. and, after removal of the acetone, was thoroughly mixed with 
NaHSO, (350 g.). Water was added carefully and decoloration and solution of 
the manganese oxides was effected by boiling and the addition of dil. H,SQ,. 
The cooled solution was extracted with ether. The water washings (A) were 
reserved and the ethereal solution was extracted twice with 10% K,CO, and 
again with water until no alkali was present in the washings. The K,CO, solution 
and washings were combined (B). The ether contained 1-0g. of material (I.v. 24-9). 

The washings (B) were acidified and steam-distilled, the distillate extracted 
with ether (sp. gr. 0-720), dried over anhydrous Na,SO, and the ether recovered ; 
the volatile acids thus obtained were fractionally distilled (cf. Table [X). The 
residue from the steam distillation was saponified to decompose any half esters 
of dibasic acids; on acidification, 12-8 g. of crude azelaic acid (M.P. 96°, equiv. 
95-2) were obtained. Recrystallization raised the M.P. to 101°. Similar treatment 
of water washings (A) yielded 0-50 g. of volatile acids (equiv. 118). The 26-7 g. 


of the original mixture of esters which disappeared during this oxidation, if 
assumed to be only mono- and di-ethenoid, contained 7-1 g. of octadecadienoic 
ester and 19-6 g. of octadecenoic ester. The theoretical yields of oxidation pro- 
ducts are 2-8 g. of hexanoic acid (mol. wt. 116), 10-5 g. of nonanoic acid (158) 
and 17-2 g. of azelaic acid (188). The recovery of hexanoic acid has been most 
complete from this oxidation. It is possible that nonanoic acid was not com- 


pletely distilled with steam. 


Table IX. Fractional distillation of volatile acids from oxidation of C13 
unsaturated esters (in electrically heated and packed column) 


Component acids (g.) 
Sap. — —— 
Fraction g. B.P./0-2 mm. equiv. C, Cy 
(From recovered ether — - 0-32) _— 
1-55 50-55° 124-0 1-17 0-38 
0-90 83-87° 144-3 0-31 0-59 
1-06 90-92° 149-9 0-15 0-91 
1-96 92° 156-6 0-05 1-91 
1-52 92° 157-8 “= 1-52 
2-24 Residue 158-5 _— 2-2 
9-23 2-00 
(0-32) 
9-55 
Oxidation of C13 unsaturated acids by alkaline permanganate. (1) Esters from 


tallow I (modified Hazura [1887] process, cf. Green & Hilditch (1935, 2]). 10-10 g. 
of esters (sap. equiv. 295-8, I.v. 93-8) were saponified with 200 ml. of alcoholic 
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KOH (N/2). The alcohol was removed as completely as possible and the soaps 
were taken up in 600 ml. of water and cooled to 0°. 300 ml. of cold 1-5°% KMnO, 
were added and the mixture was kept at 0° for 24 hr. Manganese oxides were 
reduced with sulphur dioxide. A flocculent precipitate formed on addition of 
100 ml. of cone. HCl. It was filtered and boiled with water twice to dissolve the 
tetrahydroxy-compounds. On recrystallization from ethyl acetate 6-32 g. of 
dihydroxy-acids were obtained, M.P. 131°, sap. equiv. 315-2 (no depression when 
mixed with dihydroxystearic acid prepared from A®:!-octadecenoic acid, M.P. 
132°, mol. wt. 316-5). No tetrahydroxy-acids could be crystallized from the 
filtrate on cooling or on evaporation to dryness. 

(2) Esters from tallow II (modified Hazura process). The respective acids were 
concentrated to 1.v. 99-6 by the lithium salt-alcohol procedure described above. 
5-60 g. were saponified with 3 g. of KOH in 300 ml. of water, cooled to 0° and 
oxidized with 200 ml. of cold 1-5°9% KMnOQ,. 2-4 g. of acids, M.p. 131-5°, were 
ultimately obtained as just described. Again no tetrahydroxy-acids could be 
identified. 

(3) Esters from tallow II (Lapworth & Mottram [1925] process). 12-86 g. of 
the acids, 1.v. 99-6, were heated with 6 g. of KOH in 400 ml. of water. The 
solution was cooled and added to 3 1. of water (0°). 400 ml. of 1-5°% aqueous 
KMn0O, (0°) were added. After 5 min. the solution was decolorized with sulphur 
dioxide and 150 ml. of cone. HCl added. The precipitate, boiled twice with water, 
yielded 11-95 g. of crude dihydroxy-acids which on recrystallization from ethyl 
acetate yielded 10-80 g., m.P. 130°. The filtrate from the original oxidation 
mixture was concentrated to 20 ml. and from it was obtained 0-01 g. of tetra- 
hydroxy-acids, M.P. 165-167°. The combined filtrates from the boiling water 
extraction of the mixed hydroxy-acids yielded on cooling 0-28 g. of material 
which on recrystallization from ethyl acetate gave 0-20 g. (M.p. 162—164°) and 
0-07 g. (M.P. 130°). The 0-20 g. portion was further resolved by boiling ethyl 
acetate into two fractions melting at 155 and 173° (mixed with the respective 
tetrahydroxystearic acids, M.P. 155 and 173°, there was no depression). The 
yields of di- and tetra-hydroxy-acids, assuming a mixture of oleic and linoleic 
acids, were 94-2 and 8-8 % respectively, of theory. 


Fully saturated glycerides present in each beef tallow 


Each fat was oxidized by KMn0O, in acetone solution (cf. other communica- 
tions from this laboratory). The crude material from the oxidation of about 


Table X. Fully saturated glycerides in tallows I, II and III 
(i) Proportions of fully saturated glycerides 
Acids in whole fat 


Original data on whole fat — Fully saturated glycerides 








SS ree Sat- Un- ee 
Sap. urated saturated Sap. Weight Mol. 

No. LV. equiv. °% (molar) equiv. % % 
I 43-2 284-4 54-9 45-1 278-3 18-0 18-4 
II 44-7 286-4 54-2 45-8 279-5 15-5 15-8 
Ill 40-4 284-8 57-7 42-3 278-0 18-1 18-6 


(ii) Component acids of the fully saturated glycerides 
% (weight) °% (molar) 


I Il 





eS . =. = ae: ret 
Tallow I II Ill I 
Myristic acid 10-8 14-7 8-3 12-5 17-1 9-6 
Palmitic acid 44-0 33-6 45-9 45-4 34-7 47-6 
Stearic acid 45-2 51-7 45-8 42-1 48-2 42-8 








1814 T. P. HILDITCH AND H. E. LONGENECKER 


100 g. of fat, using four times the weight of permanganate, usually contained 
unoxidized or partially oxidized glycerides. It was combined with the similar 
product from a second oxidation for reoxidation. The crude fully saturated 
product obtained after reoxidation had 1.v. less than unity in each case. It was 
convenient to crystallize it from ether at 0° before washing the ethereal solution 
of the oxidation products with K,CO, to remove acidic products. Final removal 
of acidic products was effected by boiling the crude fully saturated glycerides 
with dilute K,CO, [cf. Hilditch & Sleightholme, 1931]. Results of these oxidations 
are given in Table X, together with the component acids in the purified fully 
saturated glycerides as determined by the ester fractionation procedure. 


Discussion 
Component acids in the whole tallows 


The qualitative examination of various ester fractions handled during the 
analyses of these tallows has revealed the presence of several acids hitherto 
unreported in similar animal depot fats. Perhaps the most interesting of these 
are the C,, and C,, unsaturated acids, tetradecenoic and hexadecenoic, both of 
which have the ethenoid linkage in the 9:10-position (cf. Table VII). Their 
constitution is thus identical with that reported by Hilditch & Paul [1936] for 
the C,, and C,, unsaturated acids in milk fat! [Bosworth & Brown, 1933; Rie- 
menschneider & Ellis, 1936]. Tetradecenoic acid has not previously been defined 
as a component of land animal depot fats although it is a recognized 
component of several aquatic animal fat depots. Hexadecenoic acid, also a usual 
component of fish oils, has been recognized in few depot fats of higher types of 
animals. It is found in rat body fat [Banks et al. 1933; Spadola & Ellis, 1936; 
Channon e¢ al. 1937] and hen fat [Hilditch et al. 1934]; and has been recently 
reported to be present in small proportions in pig depot fat [Hilditch & Shorland, 
1937]. The proportions of these two acids in ox depot fat are very small, namely, 
about 0-5% of tetradecenoic acid and 2-0-2-8% of hexadecenoic acid. The 
occurrence of these two lower mol. wt. unsaturated acids in the depot fat of 
oxen in less amounts than in depot fat of amphibians or reptiles [Klenk, 1933; 
Klenk et al. 1935] appears to follow the general trend of simplification of the 
mixed fatty acids paralleling the scale of evolutionary development [cf. Hilditch 
& Lovern, 1936]. 

Confirmation of the constitution of the C,, unsaturated acids has been 
obtained by analysis of both their mild and disruptive oxidation products and 
the bromo-additive products. A similarity in structure of the C,, and C,, un- 
saturated acids with the C,, group is thus observed: 


CH,.[CH,],;.CH:CH.[CH,],.COOH  A’%:!°-tetradecenoic 

CH,.[CH,];.CH:CH.[CH,],.COOH  A%°-hexadecenoic 

CH,.[CH,],.CH:CH.[CH,],.COOH  A%!°-octadecenoic 
CH,.[CH,],.CH:CH.CH,.CH:CH.[CH,],.COOH A%?°, 12:13_octadecadienoic 


The formation of both dihydroxystearic (m.P. 131°) and tetrahydroxystearic 
acids (M.P. 155 and 173°) by oxidation with alkaline permanganate was better 
accomplished when the Lapworth & Mottram [1925] and not the modified 
Hazura [1887 ; Green & Hilditch, 1935, 1] procedure was used. Green & Hilditch 
point out that the greater dilutions advised by Lapworth & Mottram minimize 


! We have independently confirmed the presence and the constitution of these acids in cow 
milk fat. A complete report will be published shortly. 
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the further oxidation of hydroxystearic acids. We have not experienced appre- 
ciable loss of tetrahydroxystearic acids due to their solubility in the large volume 
of water present after an oxidation by the Lapworth & Mottram method. The 
latter procedure appears suitable, therefore, for the identification of linoleic 
acid, in the forms of the tetrahydroxystearic acids, M.P. 173° (insoluble in boiling 
ethyl acetate) and M.P. 155° (soluble in boiling, insoluble in cold ethyl acetate), in 
mixtures containing relatively small amounts of linoleic acid. (The tetrahydroxy- 
acids may be separated from the dihydroxy-acids by means of their solubility in 
boiling water.) 

It should be pointed out, however, that the best yield of tetrahydroxystearic 
acids obtained did not exceed 9% of the theoretical (assuming that the C,, 
unsaturation was due solely to octadecenoic and octadecadienoic acids) ; whereas, 
with the ordinary linoleic acid of seed fats, yields of about 40%, of theory may 
be expected [Green & Hilditch, 1935, 1]. The octadecadienoic acids of ox depot 
fat thus resemble those of cow milk fat [Green & Hilditch, 1935, 2] in their 
behaviour to oxidation with alkaline KMnQ,. 

The presence of an octadecadienoic acid, originally indicated by higher 1.v. 
than could be accounted for by oleic acid alone, is, however, further confirmed 
by the analysis of the volatile acids produced by disruptive oxidation of an ester 
mixture of high 1.v. (ef. Table IX). On the other hand, bromination of a mixture 
of C,, unsaturated acids of 1.v. 112-9 yielded none of the characteristic tetra- 
bromide, m.P. 114°, soluble in ether and insoluble in light petroleum. The absence 
of this product, and the fact that 98-6 % of the mixed bromides are liquid at room 
temperature, soluble in both ether and light petroleum, with a higher bromine 
content (39-8°%) than can be attributed to dibromostearic acid (36-2°% Br) 
appear significant. Also, the resemblance of these data to those of Green & 
Hilditch [1935, 2] for the C,, unsaturated acids of milk fats and of Smith & 
Chibnall [1932] for the unsaturated acids of cocksfoot grass is striking. In each 
case there is sufficient evidence for the presence of an octadecadienoic acid ; that 
it is geometrically identical, however, with the ordinary seed fat linoleic acid is 
improbable.1 

The presence of Cy) saturated and unsaturated acids was inferred from the 
fact that esters of higher mol. wt. than those of C,, acids were regularly found in 
both “solid” and “liquid” ester fractionations. No specimen of arachidic acid 
was identified from any of the original tallows. It was, however, easily obtained 
from a fully hydrogenated sample (tallow II). The complete analysis of this 
sample (cf. Table XI) provides verification of the accuracy of the methods and 


Table XI. Molar percentages of fatty acid groups (tallow IT) 


Original Hydrogenated 
Acids fat fat 
oo. 0-2 a 
Cu 1-2 45 
e. 29-1 28-7 
C. ° 65-6 
1-2 


1 Hilditch & Shorland [1937], experiencing similar difficulties in obtaining the 114° tetra- 
bromostearic acid from ox and other liver fatty acids alone, were able to recover it quantitatively 
when groundnut oil C,, unsaturated acids were added [cf. also Eckstein, 1933]. Thus the difficulty 
does not appear to be due to interference by other products, but rather to the inherent nature of 
the dienoic acid itself. ; 

It may be mentioned here that Parry & Smith [1936] succeeded in isolating the tetrabromide, 


M.P. 114°, from the mixed acids of ox blood fat. 
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assumptions employed in these analyses and calculations, the hydrogenated 
sample yielding nearly the same total molar contents of the various acids as 
those calculated for the original tallow. 

For convenience, the component fatty acids of the three tallows we have 
studied are grouped together in Table XII. Perusal of the molar proportions of 
the major components, taken in conjunction with the earlier analyses of ox 
and sheep depot fats which are available, is of some interest. 


Table XII. Component acids of ox depot glycerides 





Weight % Molar % 
alii eee 

Acid I II Til I II Ill 

As lauric a 0-2 0-1 -— 0-2 0-2 
Myristic 3-0 3-1 2-0 3-5 3-7 23 
Palmitic 29-2 24-9 26-9 31-0 26-5 28-7 
Stearic 21-0 24-1 26-5 20-1 23-1 25-4 
As arachidic 0-4 0-8 1:3 0:3 0-7 1-1 
A®:1°.Tetradecenoic 0-6 0-4 0-4 0-7 0-5 0-5 
A*10.Hexadecenoic 2-7 2-4 1-9 2:8 2-6 2-0 
Oleic 41-1 41:8 39-1 39-6 40-4 38-0 
Octadecadienoic 1-8 1:8 1-7 1-8 1-8 1-7 
As arachidonic 0-2 0-5 0-1 0-2 0-5 0-1 
Total C,, acids 61-5 65-3 65-1 


In the earlier paper by Banks & Hilditch [1931] comparisons were made of 
the combined contents of palmitic and myristic acids on the one hand, and of 
the total C,, acids on the other. A tendency towards some sort of constancy in 
the amounts of each of these groups was apparent. In the light of our present 
work, which has shown the presence of measurable, though small, proportions 
of acids other than those mentioned, it is necessary to consider how far, if at all, 
the earlier conclusions require modification. For the present, we propose to 
restrict comparisons to the major component acids, namely, palmitic, stearic 
and C,, unsaturated ; in the three tallows now studied these amount together to 
92-5, 91-8 and 93-8% of the total fatty acids, leaving 6-8% of the latter as 
minor components (of which myristic accounts for 2-3-3-7°% and hexa- and 
tetra-decenoic for 2-5-3-5 %). 

The palmitic acid contents of the three fats (26-5-31-0% mol.) fall within 
the usual fairly constant limits which, as mentioned, have already been observed 
to hold in the case of animal depot fats. Similarly, the total C,, acids (saturated 
and unsaturated) form 61-5-65-3 % of the whole, figures which, again, are close 
to those which Banks & Hilditch considered to be characteristic for ox and sheep 
depot fats. From the data then available, these authors found that in five 
instances the combined C,, acids formed about 70% of the whole, and in four 
other cases the total C,, acid content was about 62%. 

The analyses employed by Banks & Hilditch in their generalization included 
their own and also some earlier figures published by Armstrong & Allan [1924] 
for a group of beef and mutton tallows. The latter, in the form of molar %, are 
reproduced in Table XIII. 

The full fractionation data for these analyses were not given, but it is likely 
that, at the time of this work, only the “solid” acids would have been 
fractionated, the “‘liquid’’ acids being taken wholly as oleic and linoleic. These 
would therefore include not only oleic and linoleic acids, but also small amounts 
(1-2 %) of myristic and palmitic acids, and, of course, any hexa- or tetra-decenoic, 
or Cy) unsaturated acids present. The actual palmitic acid contents of these 
tallows are therefore probably 1-2 % higher than those recorded in Table XIII, 
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Table XIII. Component acids of beef and mutton tallows (mol. °/,). 
[From Armstrong & Allan, 1924] 








Beef Mutton 
f EEE oO OF 
North Sout South 
Acid American American Australian American Australian 
Myristic 2-4 3-0 2-4 1-8 2-4 
Palmitic 34-5 26-7 28-3 22-5 26-8 
Stearic 13-9 19-3 21-7 29-0 22-2 
Oleic and linoleic 49-2 51-0 47-6 46-7 48-6 
Total C,, acids 63-1 70-3 69-3 75-7 70-8 


whilst the oleic and linoleic acids, and therefore the total C,, acids, will be in 
reality about 4-5 units °% lower than in Table XIII. With these corrections, 
three of the tallows studied by Armstrong & Allan (the South American beef, 
and the Australian beef and mutton) come very closely into line with our present 
results in respect of the contents of palmitic acid and of total C,, acids. 

In the analyses of Banks & Hilditch [1931], both “solid” and “liquid” esters 
were fractionated, but no allowance was made for the presence of lower un- 
saturated acids. From the details of the fractionations filed in this laboratory, 
we have recalculated the data for the “liquid” esters, including hexa- and tetra- 
decenoic esters; but, unfortunately, the rancidity known to have developed 
before some of the specimens could be analysed interferes here and the calculated 
figures for hexa- and tetra-decenoic acids are in several cases, when judged by 
the data in this paper, much too high. The original and the recalculated figures 
for the four beef tallows of Banks & Hilditch, and a mutton tallow [Collin et al. 
1929] are, however, listed in Table XIV. 


Table XIV. Component acids of beef and mutton tallows (mol. °/,). 
[Banks & Hilditch, 1931; Collin et al. 1929] 











Beef tallows 
Ke i Mutton 
Acid N SA SB SC tallow 
(i) Without allowance for hexadecenoic acid etc. 
Myristic 7-5 5:3 9-5 6-9 5-5 
Palmitic 29-1 32-9 29-2 25-5 26-2 
Stearic 13-4 18-2 23-2 27-4 29-3 
Oleic 47-6 40-7 37-1 40-2 34-8 
Linoleic 2-4 2-9 . — 4-2 
Total C,, acids 63-4 61-8 61-3 67-6 68.3 
(ii) Recalculated, including hexadecenoic acid etc. 
As lauric — — — — 0-6 
Myristic 3:3 1:3 6-7 4-4 1-9 
Palmitic 33-2 36-5 32-0 29-2 29-2 
Stearic 13-4 18-2 23-1 26-9 29-3 
As tetradecenoic 1-4 0-5 o- 1-7 0-5 
As hexadecenoic 7-4 6-6 6-4 4-5 3-6 
Oleic 39-4 34-8 30-8 33-3 31-3 
As octadecadienoic 1-9 2-1 1-0. ee. ee 
Total C,, acids 54-7 55-1 54-9 61-2 64-2 


The recalculated palmitic acid contents in Table XIV are, with one exception, 
close to those observed in the present analyses. The recalculated totals for the 
C,, acids are low in several instances, obviously because rancidity products of 
low mol. wt. have now been reckoned as lower unsaturated acids, with the 
consequence that the C,, unsaturated acids are now unduly depreciated. From 
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our present results, it appears that the combined amount of hexa- and tetra- 
decenoic acids in tallow does not exceed 3-5%; if this figure is employed in 
Table XIV, and the balance of the unsaturated acids credited to C,, acids, the 
total C,, acid figures for the five specimens become respectively 60-0, 58-7, 57-8, 
63-9 and 64:8%. It is unfortunate that, for the different reasons mentioned, 
more precise readjustment of the earlier data considered in Tables XIIT and XIV 
cannot be made. Nevertheless, from the above considerations, it is evident that 
the final corrected figure for the total C,, acids in the ten instances considered 
tends towards the limits of about 60-65%. 

From our present results and those of the earlier analyses, therefore, we 
incline to the view that the constancy of the C,, acids at about 60-65% (mol.) 
of the total fatty acids of tallow is even more marked than was at first thought, 
any increase in stearic acid being closely balanced by diminution of oleic acid. 
At the same time, and largely independently of the amount of unsaturated acids 
present, the palmitic acid content of nearly all tallows which have been analysed 
lies within the relatively constant limits of 30 (+3) % (mol.). 


Distribution of fatty acids in the glycerides 

The determination of the fully saturated glyceride content of these tallows 
(Table X) adds further evidence to earlier work which has shown the relationship 
between the molar °% of fully saturated glycerides and the molar °% of saturated 
acids in the whole fat. Our figures fit the general curve for animal depot fats 
[Hilditch, 1937, p. 255], representing a higher percentage of fully saturated 
glyceride than has been obtained for (a) seed fats or (b) animal depot fats con- 
taining little stearic acid. 

The compositions of the fully saturated glycerides in tallows I and III, in 
which the stearic acid content is 42-43%, resemble those of four of the fats 
studied by Banks & Hilditch [1931], in which the corresponding figure was 
37-41%. A higher proportion (48 %) of this acid was, however, found in tallow II 
and this result, coupled with one of the former series (33 % stearic acid), suggests 
that the composition of ox depot fat fully saturated glycerides may not tend so 
closely to constancy as Banks & Hilditch were led to believe. It may be recalled 
that these authors [1932] found less constancy in the fully saturated glycerides 
of pig depot fat, in which the stearic acid content varied from 37 to 49% (mol.), 
although here again, in the majority of the cases examined, it lay between 41 
and 45%. 

SUMMARY 

A detailed study of three beef tallows has indicated certain general features 
of land animal depot fat. The major components are oleic (38-0-40-4 %), palmitic 
(26-5-31:0°%) and stearic (20-1-25-4%) acids. Palmitic acid occurs with con- 
siderable regularity as about 30 mol. % while the C,, acids are present as 60- 
65 mol. % of the total mixed acids. 

Among the minor component acids are two unsaturated members of the 
oleic acid series, myristoleic (A®*!°-tetradecenoic acid) and palmitoleic (A®*!°- 
hexadecenoic acid). The presence of these acids has been proved and their con- 
stitution determined. They have not previously been reported as components of 
the fat stores of higher land animals. A study of the constitution of the C,, 
unsaturated acids has shown that they are a mixture consisting chiefly of oleic 
acid (A*%!°-octadecenoic acid) and a small amount of a geometrically isomeric 
linoleic acid (A®*1° 12:13_o¢tadecadienoic acid). The presence of small amounts 
of myristic, arachidic, arachidonic and possibly lauric acids is also discussed. 
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Previous analyses of ox and sheep depot fats have been reviewed in the light 
of the present results. The increase in fully saturated glyceride content of these 
fats with increasing stearic acid content has been further confirmed. 


We desire to thank Capt. Golding for his courtesy and assistance in 
obtaining the specimens of ox depot fat employed in this study. 
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THE widespread uses of rhubarb have led to its repeated investigation. Most 
published works are concerned only with the chemical composition of the plant 
in relation to its practical value, but as a familiar example of a highly acid plant, 
rhubarb has also attracted the attention of workers on plant metabolism. 

There are numerous accounts of the nature of the acids in this plant. The 
presence of oxalic acid has been observed by many investigators. Several 
workers have stated that malic acid forms the greater proportion of the total 
acid, but only Castoro [1902] presents any real evidence for such a statement. 
Ruhland & Wetzel [1927; 1929] claimed that the leaves contain oxalic acid, 
small quantities of dl-malic acid and large amounts of /-malic acid, while the 
rhizome contains oxalic and dl-malic acids only. They gave no description, 
however, of their methods of identification or determination of the acids. Citric 
acid has been obtained from the leaves by Kreis [1916], Besson [1918] and 
Angerhausen [1920] and also from the rhizome by Bennet-Clark & Woodruff [1935]. 

Views on the role of the acids in metabolism are as diverse as the accounts of 
their nature. Steinmann [1917] concluded that the acids originate in carbo- 
hydrate metabolism, possibly even as a direct result of photosynthesis. Ruhland 
& Wetzel [1927; 1929] believe that the organic acids together with ammonia 
arise in the developing petioles by the deamination of amino-acids passing out 
from the sprouting rhizome. This deamination, it is held, gives rise to /-malic 
acid, while the inactive acid of the leaves is translocated from the rhizome. 
Bennet-Clark & Woodruff [1935] found no gain in the content of acid in the 
whole plant on sprouting. They considered that Ruhland & Wetzel confused an 
increase in concentration in the young leaves with an increase in the total 
quantity of acid present in the plant. It was also shown that there is a con- 
siderable increase in /-malic acid during summer, pointing to its association with 
carbohydrate rather than with protein metabolism. The small ammonia/malic 
acid ratio gave no support to the view that malic acid is a product of deamination. 

Bennet-Clark & Woodruff carried out determinations of total lead-precipitable 
acid and /-malic acid only, and moreover used too few plants to permit of any 
statistical treatment of the results. These objections are removed in the present 
work in which large numbers of plants were used and malic, citric, and oxalic 
acids were all determined separately. 

When the present investigation was virtually completed Pucher eé al. 
[1937, 1, 2] published two papers also dealing with the organic acids of rhubarb. 
Their work concerns the nature of the acids rather than the course of the seasonal 
changes in acidity of the whole plant, but there is close agreement with the 
present work whenever the two investigations coincide. 

( 1820 ) 
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EXPERIMENTAL 
Material 


The variety used was Linnaeus. On 11 March 1936, six crowns were each 
divided into about a dozen pieces of approximately the same size. The pieces 
were washed, freed from dead leaf bases etc., dried and weighed. One piece 
from each plant was chosen at random and kept for analysis. The remaining 
pieces were planted in six rows, one row to each original plant. On each sampling 
date one plant was taken from each row, sampling within the row being at 
random. The plants were divided into rhizome+roots, and shoot, and after 
cleaning and determination of the fresh weights of both parts, the further 
analyses were carried out as described below. The extracts were not bulked but 
were analysed separately so that six parallel series of determinations were 
obtained for citric and malic acids. Total acid and oxalic acid determinations 
were carried out in one only of the six series. 


Analytical methods 


(a) Extraction of the acid. The material was minced and extracted twice with 
boiling water. To facilitate filtration, pectins were precipitated by addition of 
alcohol to a final concentration of 70%. Before alcohol was added, the extract 
was acidified with HNO, to avoid the retention of Ca salts of organic acids in 
the residue. 

(6) Total malic and citric acids. These acids were precipitated as Ba salts 
by the technique of Auerbach & Kruger [1923]. The dry precipitate was trans- 
ferred to a beaker, crushed with a glass rod and mixed with sufficient dil. 
H,SO, to liberate the free organic acids. The precipitate of BaSO, was filtered 
off and the malic and citric acids in solution were determined by the highly 
specific methods of Pucher et al. [1934, 2]. 

(c) Total acidity. The organic acids were extracted with ether by the method 
of Pucher e al. [1934, 1]. The total amount of acid was then determined by 
titration between the pH limits 7-8 and 2-6 using the quinhydrone electrode. 

(d) Oxalic acid was determined by Bau’s [1918] method on aliquot parts of 
the solutions obtained by ether extraction. 


RESULTS 


The results of the determinations are expressed in two ways. In the first 
place it was desired to show whether there was any seasonal change in the actual 
content of acid in the plant. This can only be demonstrated by referring the acid 
content to that of the piece of rhizome from which the plant developed. We adopt 
the convention of Bennet-Clark & Woodruff [1935] in recording the acid content 
as mg.-equiv. per 100 g. fresh weight of the original piece of resting rhizome 
(subsequently abbreviated to “per 100g. 0.F.w.”). The fresh weights are 
expressed similarly as multiples of that of the original piece of rhizome. The 
concentrations of the acids are also of importance, and in this case the results 
are expressed as mg.-equiv. per 100 g. fresh weight. 

In making comparisons on successive dates of either acid concentration or 
content, the assumption is made that the original pieces of rhizome had precisely 
the same concentration of acid. There is, of course, a certain amount of variation, 
which introduces a source of error. The inaccuracy is lessened if the results for 
each date are the mean of a sufficiently large number of samples. In the present 
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work the values for citric and malic acids and fresh weight on each date are the 
means of determinations on six plants. These mean values with standard errors 
attached are recorded in Tables I, II and III. A difference between successive 
dates is taken to be significant if the chances against it being fortuitous exceed 
20 to 1. 


Section 1. Seasonal variation in content of total citric and malic acids 


The quantities of total citric and malic acids are recorded in Table I. The 
differences between the citric acid contents of rhizome + roots on successive dates 
are all significant with the exception of those from December to February and 
February to March. The December—February difference is far removed from the 
significant level, but the February-March difference is very nearly significant 
and may be treated as an actual change. 


Table I. Total citrate and total malate contents of rhizome + roots, shoot 
and whole plant, in mg.-equiv. per 100 9. O.F.w. 


Mean values +-standard errors 


ee ON 





Citrate Malate 
¥ a —* ———— eee 

Rhizome + Whole Rhizome + Whole 

Date roots Shoot plant roots Shoot plant 
March 11 4-93+ 0-40 0 493+ 0-40 5-64+0-52 0 564+ 0-52 
April 2 3-69+ 0-27 1:78+ 0-49 5-474 0-58 3-86+0-31 151+ 0-44 537+ 0-51 
May 4 1-414 0:10 2-034 060 3-444 0:55 2-:1540-29 3-064 0°87 5-214 1-10 
June 9 2-57+ 0:37 9-:19+ 2-58 11-764 2-45 3-7140-45 16-754 5:38 20-46+ 6-17 
July 26 9-354 1-79 35-70+ 6-03 45-06+ 7-48 10-18+1-64 206-17+33-56 216-35 +34-49 
Sept. 1 28-69+ 5-76 34-45+11-:30 63-14+16-80 27-44+6-61 218-20+63-38 254-64+69-70 
Oct. 12 56-60+11-11 18-84+ 4-88 75-44+15-81 47-20+9-94 60:27+19-36 107-48+27-73 
Dec. 21 26-78+ 4-56 0 26-78+ 4:56 14-65+1-48 0 14-65+ 1-48 
Feb. 10 44-49+13-33 0 44-49+13-33 31-74+8-73 0 31-74+ 8-73 


March 16 17-:10+ 5-57 5-40+ 1-93 22-50+ 7:36 11-76+43-22 10-29+ 3-68 22-05+ 6-21 


It will be noticed (Table I) that sprouting in spring is associated with a 
continuous fall in citric acid content until May. The content then increases 
continuously throughout the summer, attaining a maximum in October, by which 
time there is twelve times more acid in the rhizome than in the piece from which 
it developed. A striking fall in December is followed by no further significant 
change till March, when renewed sprouting is again followed by a sharp fall in 
acid content. 

In the shoot, the only significant changes in citric acid content are from May 
to June and June to July. There is evidently an active production of citric acid 
during the summer months, for the maximum content of the leaves is eighteen 
times greater than that before the commencement of active photosynthesis. 

When the total amount of citric acid in the whole plant is considered it is 
noticed that there is no significant increase from March to April, while from April 
to May there is actually a significant fall in the content of citric acid. The period 
of sprouting in the following year is also not accompanied by any increase in 
the amount of citric acid, but the apparent fall does not quite attain the level 
of significance. 

The changes in malic acid content of the rhizome follow the same general 
trend as those of citric acid (Table I). Sprouting results in a continuous fall 
until May, followed by a steady increase to a maximum in October. After a fall 
in December, the acid content rises again in February. This increase is so near 
the significant level that it will be treated as an actual change in acid content. 
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Sprouting in the following spring is once more accompanied by a fall in malic 
acid content. 

The malic acid content of the shoot shows no significant increase until June. 
Following a rapid increase in July the content remains approximately constant 
till September, but falls again in October. The malic acid content of the leaves 
in September is seventy-one times greater than in May. 

When the total amount of malic acid in the plant is taken into account it is 
found that in neither the first nor second periods of sprouting is there a gain 
in this acid. , 

The outstanding features emerging from this consideration of the malic and 
citric acid contents are, firstly that during the summer there is a large increase 
in the amounts of both acids, and secondly that sprouting in spring is not 
accompanied by any increase in the quantity of either acid. In both cases the 
loss of acid from the rhizome is at least sufficient to account for the acid appearing 
in the developing leaves. 


Section 2. Seasonal variation in concentrations of total citric and malic acids 


Concentrations of citric and malic acids are given in Table IT. 


Table II. Concentrations of total citrate and malate in rhizome + roots and 
shoot, in mg.-equiv. per 100 g. fresh weight 


Mean values +standard errors 


ee iY 
Citrate Malate 
a 
Date Rhizome + roots Shoot Rhizome + roots Shoot 
March 11 + 4-93+0-40 0 5-64 +0-52 0 
April 2 4-25 0-36 8-78 40-43 4-43 40-34 6-97 40-51 
May 4 1-76 +0-12 7-86 +0-34 2-76 +0-46 11-91+1-01 
June 9 2-57 +0-28 6-37 +0-60 3-73 +0-28 10-19 +0-70 
July 26 4-21+0-16 2-41+40-11 4-82 10-36 14-15 +0-82 
Sept. 1 4-89 +0-10 2-29 +0-09 4-70 +0-39 14-13 +1-11 
Oct. 12 6-88 +0-20 1-96 +0-09 5-68 +0-31 5-85 40-84 
Dec. 21 5-05 +0-26 0 2-88 +0-21 0 
Feb. 10 4-71 40-33 0 3-48 +0-41 0 
March 16 2-09 +0-25 6-23 40-43 1-37 0-22 11-93 10-43 


In the rhizome +roots, the concentrations of citric and malic acids fall to 
a minimum in May and rise to a maximum in October. In both cases, there is 
a fall in December, followed by no further significant change in concentration till 
the onset of sprouting, which is again coupled with falls in acid concentration. 

The citric acid concentration of the leaves falls continuously until July. 
There is no further significant change till October when a fall in concentration 
is recorded. 

The malic acid concentration rises until May. A slight fall in June is not 
significant and is succeeded by an increase in July. The concentration then 
remains approximately constant till September, but falls steeply in October. 

It will be noticed that in April and May the concentrations of malic and 
citric acids in the young leaves are considerably in excess of those in the rhizome. 
During the same period the gain in concentration of acid in the leaves is greater 
than the fall in concentration in the rhizome. Such a relationship might suggest 
a formation of additional amounts of acid either in the rhizome or developing 
leaves. But in the previous section it has been shown that there is no increase 
in the total content of the acids. The smaller fall in concentration in the rhizome 
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finds its explanation in the great bulk of the latter when compared with the 
small young leaves. 

A comparison of the concentration values (Table II) with those of the total 
content of acid (Table I) reveals that the amount of acid in the plant increases 
greatly during summer while the concentration shows relatively little change. 
This is a result of the rapid growth of the plants, since on any given date the acid 
content is proportional mainly to the fresh weight, the concentration varying 
only slightly from plant to plant. The values for acid content and concentration 
should be compared therefore with the fresh weights, which are set out in 
Table III. 


Table III. Fresh weights of whole plant, shoot and rhizome + roots, 
as multiples of the original fresh weight, which is taken as unity 


Mean values +standard errors 
enpseemens tenes 





c 7 
Date Whole plant Shoot Rhizome + roots 

March 11 10 +0 0 10 +0 
April 2 1-08 +0-018 0-21+0-51 0-87 +0-043 
May 4 1-07 +0-057 0-27 +0-090 0-80 +0-034 
June 9 2-52 +0-50 1-54 40-429 0-98 +0-063 
July 26 16-75 +1-65 14-58 +2-06 2-17 +0-36 
Sept. 1 20-82 +5-88 14-99 +4-47 5-83 41-43 
Oct. 12 17-18 +3-59 9-19 +2-18 8-09 +1-45 
Dec. 21 5-30 40-84 0 5-30 +0-84 
Feb. 10 8-19 +2-45 0 8-19 +2-45 
March 16 9-20 +2-39 0-85 40-294 8-35 +2-01 


In addition to the seasonal change in actual quantity, there is also a marked 
change in the relative proportion of the two acids. In the leaves, a steady fall 
in the concentration of citric acid is accompanied by a gradual increase in the 
concentration of malic acid. From July to September the malic acid concentra- 
tion is approximately constant and this is also true for the citric acid. 

In the rhizome in May, the malic acid concentration is in excess of that of 
citric acid, but there is a continual increase in the citric/malic acid ratio till 
December, when the citric acid is considerably in excess of the malic acid. In 
February there is an increase in malic acid concentration but no significant 
change in the concentration of citric acid. 


Section 3. Seasonal variation in concentration and content of citric, malic, 
oxalic and unknown acids, and total acidity of a single plant 


The recorded values for each date in this section do not represent the means 
of determinations on six plants as in previous sections, but are the result of 
determinations on one plant only. The concentrations are given as mg.-equiv. 
per 100 g. fresh weight in Table IV, and the acid content is expressed as mg.-equiv. 
per 100 g. o.F.w. in Table V. 

The values for malic and citric acid contents and concentrations follow the 
same general trend as those for the six plants, and accordingly require no 
further discussion. 

The oxalic acid content of the rhizome shows a loss in April in connection 
with sprouting, after which the quantity rapidly increases till in September it 
is 8-6 times greater than that of the original piece of rhizome. The content falls 
steeply in October and a slight loss in December is followed by a small increase 
in February. A small loss in March is accompanied by the renewal of sprouting. 
The concentration values reveal a sharp fall in April, an increase till August, 
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a continuous drop till October, a rise in December and a further fall till March. 
Comparison of the oxalic acid concentrations in the rhizome with those of malic 
and citric acids shows that the fall in oxalic acid from July to October is 
associated with increases in citric and malic acids; the decreases in malic and 
citric acid concentrations in December are accompanied by a rise in that of 
oxalic acid, while the fall in oxalic acid in February is associated with increases 
in citric and malic acids. 

The content of oxalic acid in the leaves increases gradually through the 
season and falls in October. The concentration is high in the young leaves, falls 
in May and apart from a slight drop in September shows a continuous increase 
till the end of the season. The gain in oxalic acid from September to October is 
probably connected with the great loss of malic acid at this time, but will not 
account for all the malic acid disappearing. The increase in concentration of 
oxalic acid in the young leaves is greater than the fall in the rhizome, but when 
the total amount of acid in the whole plant is considered it is found that in the 
first period of sprouting there is no increase in the quantity of oxalic acid, and 
in the second period a small increase is more than accounted for by a loss of 
citric and malic acids. 

The total acid content of the rhizome falls till May and rises to a maximum 
in September. A loss of acid in October and December is followed by an increase 
in February with a further drop in March. The concentration shows a rise from 
April to July, a fall till October and an increase in December, followed by a 
slight fall in February and a further fall in March. The content of total acid in 
the leaves rises continuously till September and falls steeply in October. The 
concentration is approximately constant throughout the season. In the de- 
veloping leaves in April the concentration of total acid is much in excess of the 
fall in concentration in the rhizome. The same is true for the second period of 
sprouting in March of the following year. In both cases however it will be 
noticed that there has been no increase in the content of acid in the whole plant. 

With the exception of a small increase in April, the unknown acid content 
of the rhizome is parallel with that of the total acid. This increase in the amount 
of unknown acid in April is accompanied by a fall in the oxalic acid content. 
With the same exception, the concentration of the unknown acid is also parallel 
with that of the oxalic acid. The concentration and content of the unknown acid 
in the leaves are at first in excess of those of the malic acid, fall below in July 
and September but again predominate in October. 

It is of interest to compare the results of our analyses with those of Pucher e¢ al. 
[1937, 1, 2]. In the leaves of the variety used by us, there are on the whole more 
citric and unknown acids and less malic and oxalic acids than in the variety 
employed by the American workers. Although the proportions of the acids are 
different in the two varieties the seasonal changes in concentration of the 
individual acids are closely parallel. In both cases the citric acid concentration 
falls sharply during the summer, while malic and oxalic acids show continual 
increases. The similarity of the results indicates that the course of metabolism 
is essentially the same in the leaves of both varieties. Unfortunately no com- 
parison can be made of the seasonal change in acidity in the rhizomes since the 
American workers publish only one rhizome analysis, dated 26 September. 
From our analyses for 1 September and 12 October, it appears that there are 
higher proportions of citric and malic acids and less oxalic acid in the rhizomes 
of our variety than in that of the variety used by Pucher et al. 
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Discussion 


One of the main points emerging from the present research is that during 
the phase of sprouting, from March to May, there is almost no change in the 
total acid content of the plant. There is no significant fall in the total quantity 
of malic acid, but that of citric acid shows a definite decrease. The oxalic acid 
content also falls, while the unknown acids apparently increase slightly in 
amount. 

Although there is no marked change in total content, a striking redistri- 
bution of the acids occurs during sprouting. The total and individual acids 
decrease in amount in the rhizome but increase in the leaves. This result is 
most conveniently explained by translocation of acid to the leaves from the 
rhizome. 

During summer, there is a great increase in the quantity of all the acids in 
the leaves. The acid content of the rhizome also increases continuously during 
the same period. These results are opposed to those of Ruhland & Wetzel [1927; 
1929] who hold that malic acid is produced by the deamination of amino-acids 
in the petioles of the developing leaves. They also state that there is no further 
formation of this acid during summer and that translocation is restricted to the 
time of yellowing in autumn. Our results indicate, however, that there is no 
new formation of malic acid in the young leaves. The rapid production of the 
acids during the season of active photosynthesis suggests a connection with 
carbohydrate metabolism, but there is no evidence as to whether they arise in 
synthetic or degradative processes. Translocation of acid to the rhizome is 
evidently continuous throughout the season. 

The changes in the relative proportions of the acids can be explained in 
several ways. They may represent successive stages in a chain of reactions or 
alternatively may arise independently from the same or different substances. 
In the latter case the great difference between the malic and citric acid con- 
centrations of the leaf would find its explanation in a variation in either the 
rates of formation or utilization of the acids. A more rapid translocation from 
leaf to rhizome of citric acid than of malic acid would also account for the 
relatively low citric acid content of the leaf and high content of the rhizome. 
A similar result would be attained if both acids are translocated at rates 
dependent on diffusion gradients, the relative concentrations in leaf and 
rhizome depending on the equilibrium citric acid — malic acid the position of 
which is the innate peculiarity of the enzyme system of the organ concerned. 

The seasonal variation in the acid content of the leaves also finds a ready 
explanation in the following scheme: carbohydrate — citric acid > malic acid > 
oxalic acid. Such a series of changes accounts for the fact that the great fall 
in malic acid concentration in autumn is accompanied by an increase in that 
of oxalic acid, while that of citric acid undergoes little change. This fall in malic 
acid content from September to October is of considerable interest in that it is 
in excess of any gain in the acids of either leaf or rhizome. It must therefore 
undergo conversion into some other product, possibly carbohydrate, or is lost 
from the plant as COQ,. 

There is no certainty whether all or one only of the acids are translocated 
from the leaves to the rhizome. If malic acid is the main acid transported it 
must undergo rapid conversion into citric acid. The constantly increasing 
proportion of the latter acid is suggestive of such a conversion. 

Both acids undergo a marked fall in concentration in the rhizome from 
October to December. Here again there must be a conversion into other 
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substances. Sprouting in spring is accompanied by a production of malic acid 
from an unknown source, for this acid increases in amount without any corre- 
sponding fall in that of any other acid. 

These changes in acidity in the rhizome suggest that the acids are in 
equilibrium with unknown substances, possibly carbohydrates. If the latter 
were the case, the high concentration of acid in the young leaves would be 
understandable, the acids providing a convenient starting point for the synthesis 
of carbohydrates. We have no exact knowledge of the precise changes involved, 
but the rise and fall in acidity show quite definitely that the acids are playing 
some active role in metabolism, being converted into products as yet unknown. 
They are certainly not merely passive end-products allowed to accumulate as 
the salts of poisonous or unwanted bases as was at one time thought. 


SUMMARY 


1. Rhubarb leaves and rhizomes contain malic, citric and oxalic acids and 
acids of an unknown nature, which all show marked changes in concentration 
and content at different periods of the year. 

2. Sprouting of the rhizomes is accompanied by translocation of the acid 
into the young leaves, with the result that the concentrations of malic, citric, 
oxalic and total acids rise to higher levels than those of the rhizome. A con- 
sideration of the total quantity of acid, however, reveals that there is no increase 
in the amount of any of these acids on sprouting. 

3. All the acids increase continuously in quantity in the leaves during the 
season of active photosynthesis, suggesting that they arise either as a direct 
result of this process or indirectly from carbohydrate. 

4. There is a steady increase in the quantity of the acids of the rhizome 
during the summer, which indicates that translocation from the leaves takes 
place throughout the period of acid formation and is not restricted to the time 
of yellowing in autumn. 

5. A seasonal variation in the relative proportions of the individual acids 
is also observed. The citric acid concentration in the young leaves is at first 
higher than that of malic acid, but gradually falls to a low and almost constant 
level. Meanwhile, the malic acid rises to a maximum concentration which is 
maintained for several weeks until the onset of yellowing, when the concentration 
rapidly falls. After an initial fall during the growth of the young leaves, the 
oxalic acid concentration increases continuously, particularly during the phase 
of rapid disappearance of malic acid. The unknown acids decrease in concentra- 
tion when that of malic acid is rising, and show an increase when the concentration 
of malic acid is falling. 

6. In the rhizome, the unknown acids are always in excess of any of the 
individual acids. Malic and citric acids increase in concentration till the end of 
summer, reaching a maximum in October. Although the malic acid concentration 
is at first in excess of that of citric acid, the proportion of the latter increases 
until finally it is present in greater amount. Both acids suffer falls in concen- 
tration in December, but that of malic acid rises again before sprouting. The 
oxalic acid concentration falls at the end of summer, but increases during the 
winter, while the unknown acids follow a similar course. 

7. These marked changes in acidity, particularly the decrease in concen- 
tration of all the rhizome acids during winter, indicate that the acids are playing 
an active role in metabolism and are not merely passive end-products as is 
sometimes supposed. 
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Ir is a somewhat paradoxical fact that fructose, although absorbed from the 
intestine considerably more slowly than glucose, gives rise to the greater 
deposition of glycogen in the liver. It is pertinent to reflect upon the possible 
fate of ingested fructose. Unsupported by any positive experimental data the 
suggestion has been made that conversion of fructose into glucose occurs in the 
lumen of the intestine. Again, it has been stated that this conversion takes place 
during the actual passage of the sugar through the intestinal mucosa. This was 
the explanation given by Bollman & Mann [1931] for the fact that, whilst they 
were able to maintain a liverless animal alive for a long period by infusion of 
fructose, this sugar was ineffective when the intestines were also removed. Later 
Griffiths & Waters [1936] showed that in the liverless animal and also in the 
eviscerated animal fructose is used, apparently directly, and not by preliminary 
conversion into glucose. This finding does not invalidate the hypothesis that 
some conversion of fructose into glucose may take place in the intestinal cells, 
but it does deprive it of its strongest piece of experimental support. Fructose 
passing from the intestine through the portal system is brought to the liver where 
conversion into glucose can and to some extent at least normally does take 
place. Further, accompanying the ingestion of fructose a number of investi- 
gators have reported a rise in blood lactic acid, which presumably is derived from 
some of the fructose. 

Cori [1926] showed that previously fasted rats, when fed with fructose, 
deposited more liver glycogen than those fed with glucose, and this in spite of 
the facts that fructose was absorbed at less than half the rate of glucose and that 
the blood sugar was lower in the former animals than in the latter, two prepotent 
factors determining the availability of sugar for hepatic glycogen synthesis. 
Cori [1931] concluded that “It is therefore probable that glycogen formation in 
the liver from fructose does not take place via «8-glucose.” But it might be 
argued that fructose may be absorbed from the blood by hepatic cells in greater 
amount than is glucose; that the avidity for fructose is such as to result in a 
greater retention of this sugar by the liver than of glucose even when glucose 
in the blood is present in higher concentration. Thus in spite of the smaller 
amount of fructose passing to the livers of the fructose-fed rats, in comparison 
with the amount of extra glucose passing to the livers of the glucose-fed rats, 
more sugar is withdrawn from the hepatic blood of the former animals, and hence 
the glycogen formation is greater. It is presupposed that there is a ready hepatic 
mechanism which rapidly isomerizes fructose to glucose. The rapid conversion of 
fructose into glucose in these cells might be such as to result in a greater con- 
centration of glucose than in the livers of rats directly absorbing glucose. It 
was with the object, primarily, of testing this hypothesis that the following 
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experiments were conducted. As so often happens in biochemical investigations 
we are attempting to obtain information about a dynamic process by a static 
method, the analysis of various constituents at one particular instant, which 
imposes severe restriction on subsequent interpretation of results. 

The general plan of the research was to determine the relative rates of 
absorption of glucose and fructose from the intestines of previously fasted white 
rats, to determine the extent of hepatic glycogen synthesis from these sugars 
and to ascertain the concentration of total free sugar not only in the blood but 
also in the liver, and further to estimate separately the concentrations of fructose 
and of glucose in the blood and liver of the fructose-fed rats. A higher glucose 
concentration in the livers of fructose-fed rats than in the livers of glucose-fed 
rats would, it was considered, be strong evidence in favour of the hypothesis 
just enunciated. 


METHOD 


Blood glucose determinations were made by the method of Hagedorn & 
Jensen, employing 0-1 ml. blood. The non-fermentable reducing substances of 
rat blood by this method gave us an average value of 17 mg. per 100 ml., 
calculated as glucose. As there was little variation in this value in the animals 
tested this figure has been used throughout in calculating true blood sugar values 
from total reduction values. The estimation of blood fructose has been done 
as described by Griffiths & Waters [1936] by the method of Harding & Nicholson 
[1933] in which use is made of the selective removal of glucose in the presence 
of fructose by their particular strain of Proteus vulgaris. 

The free sugar of the liver has been estimated by the method described by 
Cuenca [1927] for muscle sugar estimation, and used by Molitor & Pollak [1931] 
for the determination of free sugar in liver. After freezing some of the liver in 
liquid air, pieces of about 150-200 mg. weight were rapidly weighed and then 
ground up with sand in ice-cold 94% alcohol. After thorough extraction the 
extracts were separated on the centrifuge and concentrated on the steam-bath, 
the last 2 ml. being removed at room temperature with an electric fan. The 
residue was taken up in 5 ml. 0-45 % ZnSO, and 1 ml. 0-1. N NaOH added and the 
solution heated. The reducing material was estimated in the zinc hydroxide 
filtrate by the Hagedorn & Jensen method. Duplicate analyses were in excellent 
agreement. In the experiments quoted below two samples of each liver were 
always taken; the final zinc hydroxide filtrate of one sample was fermented with 
yeast, the residual reduction determined, and in the other the total reduction, 
hence by difference the true sugar value was obtained. It was necessary to 
determine the non-sugar fraction in these extracts every time, for the value 
varied considerably from liver to liver. For the estimation of the fructose content 
of the liver four samples were weighed out and extracted separately in the manner 
described above. The extracts were combined in pairs and finally the two zine 
hydroxide filtrates were combined, and the volume made up to 25 ml. 12 ml. 
were incubated for 10 min. at 37° with 0-25 ml. of well-washed baker’s yeast, 
and 12 ml. incubated with 1 g. well-washed P. vulgaris for 30 min. at 37°. The 
solutions were centrifuged, in the case of the Proteus tube on an angle centrifuge, 
the supernatants treated with a little Lloyd’s reagent and the reducing powers 
of the final water-clear filtrates estimated by the procedure of Shaffer & Somogyi 
[1933], employing the 0-1 % potassium iodide reagent. The difference in reducing 
values between the two solutions gave the value for the fructose present. 


1 Our thanks are due to Dr D. T. Fraser, Department of Preventive Medicine, of this Univer- 
sity, for culturing and providing us with generous supplies of this organism. 
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Liver glycogens were estimated by the modification of Pfliiger’s method 
introduced by Good et al. [1933]. We have found that a small amount of material, 
apparently glycogen, remains unprecipitated by this method, but the amount 
is so small as to be negligible in this work, being approximately about 2% of the 
total glycogen precipitated. Using this method, we found in rats in the post- 
absorptive state some variation in the distribution of glycogen in different lobes, 
amounting to as much as 10% in one animal, whereas in the same lobe the 
variation obtained was hardly significant. 


EXPERIMENTAL 


The experiments reported in this paper were conducted on white rats from 
the Connaught Laboratory Farm which were of the Wistar strain. The weights of 
the rats averaged from 120 to 160 g., unless otherwise stated. Previous to the 
experiment the rats were fasted for 18 hr. and then allowed to feed for 2 hr. on the 
stock diet, chiefly mixed grain. Food was then removed and the rats fasted for 
24 hr. At the end of that time the rats were fed, by stomach tube, according to 
the Cori technique, solutions of glucose (Merk’s dextrose) or fructose (Eastman 
Kodak Laboratory). Finally the animals were rapidly anaesthetized by an 
intraperitoneal injection of amytal (7 mg. per 100 g. of body weight). Control 
experiments were carried out simultaneously on 24 hr. fasted rats for the 
determination of liver glycogen, intestinal sugar and blood sugar values. 

The absorption coefficients (mg. of sugar absorbed per 100 g. body weight of 
rat per hr.) in the case of rats ranging in weight from 120 to 160 g., after a 24 hr. 
fast, were: 

Glucose: 297, 253, 196, 216, 276, 242, 226, 210, 335. Average = 250. 
Fructose: 169, 130, 231, 74, 128, 268, 99, 147, 170, 200. Average =160. 


Calculating the absorption coefficients for 24 hr.-fasted rats from data pro- 
vided by Cori [1927] and figures given for 48 hr.-fasted rats by Cori [1925], one 
obtains for glucose 266 and for fructose 135. 

The coefficient of glucose obtained by us is in good agreement with that of 
Cori. The coefficient of absorption of fructose in our experiments obtained during 
the spring is slightly higher than Cori’s figure. Meyer [1934] found no difference 
due to length of preliminary starvation in the rate of absorption of fructose by 
the rat, but did observe a seasonal variation, the values being 200 mg. per 100 g. 
per hr. in winter and in summer 131 mg. per 100 g. per hr. With young rats, 
about 1 month old and ranging in weight from 60 to 80 g., we found a much 
higher coefficient of absorption of glucose than in older animals, while the value 
for fructose was essentially the same. 


Glucose absorption (mg. per 100 g. body weight per hr.): 

313, 250, 315, 379, 468, 353, 357, 366, 422. Average =358. 
Fructose absorption: 

146, 131, 133, 120, 127, 148, 243, 160. Average =151. 


The average rate of absorption of sugars from the intestine of the rat is 
susceptible to a number of influences quite apart from any variations inherent 
in different strains of these animals. 

Table I shows the values of true blood sugar, fermentable sugar of liver and 
liver glycogen, after feeding 24 hr.-fasted rats with glucose or fructose for 
various times. In the interests of brevity the results of different experiments 
are averaged but the numbers of animals used are indicated. Control fasted 
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animals gave a low liver glycogen content, rarely above 50 mg. per 100 g. When 
anaesthetized, usually about 5-6 min. after injection of amytal, the jugular 
vein was slit and about 0-25 ml. blood collected in a small tube containing 
oxalate. The bleeding was stopped with a bulldog clamp. 


Table I 

Absorption Av. blood Av. liver Av. liver 
Sugar time No. of sugar sugar glycogen 
fe min. exps. mg.per100ml. mg.per100g. g. per 100 g. 

Glucose 100 — — 
Fructose 110 
Glucose 120 
Fructose 128 
Glucose 150 
Fructose 170 
Glucose 80 
Fructose 80 
Glucose 80 
Fructose 80 


Glucose 120 
Fructose 120 


Glucose 105 
Fructose 105 


Exp. 
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116 152 
114 126 
125 154 
133 123 
130 128 
138 143 


143 165 
141 171 
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In the first place there is a slightly greater deposition of glycogen in the rats 
fed fructose. Secondly, the blood sugar values of the two sets of animals in the 
different experiments are substantially the same. Thirdly, the concentrations of 
free sugar of the liver of rats receiving glucose show no consistent difference from 
the livers of those receiving fructose. Perusal of the individual results leads to 


the same conclusions. We find the values of the blood sugar in these two groups 
of rats to be essentially the same, while Cori found the average figure for the 
glucose-fed rats to be 207 mg. per 100 ml. and for the fructose-fed rats 155 mg. 
per 100 ml. It may be that this discrepancy can be accounted for by the differ- 
ence in absorption ratios; in Cori’s experiments fructose was absorbed at about 
50 % of the speed of glucose, while we obtained a value of 60%. 

The fructose content of the blood of rats absorbing fructose (Table II) was 
determined on jugular vein samples and again under amytal anaesthesia. As 
about 2-5-3 ml. blood were withdrawn no other investigations were carried out 
on the animals. Zinc hydroxide filtrates were prepared from 1 ml. samples of 
blood. One filtrate was incubated with yeast, the other with P. vulgaris. The 
difference in reducing power gives the fructose content of the blood. After yeast 
the reducing value was about 1-5 mg. per 100 ml., calculated as glucose. 


Table II 
Blood fructose Liver fructose 
mg. per 100 ml. mg. per 100 g. 
“~ — Absorption 
Absorption Absorption time 
time 1 hr. 
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Considerable care was taken in the estimation of liver fructose by the method 
outlined above. Control tests of adding fructose to the frozen livers of fasting 
rats gave excellent recovery values for fructose. It will be seen that the fructose 
is present in the liver in negligible amount. In fact the fructose values for both 
blood and liver tissue in the rats are just slightly higher than the limits of 
accuracy of the method of estimation. 

In all experiments amytal anaesthesia has been used. What the effect, if any, 
is on either the sugar value of the blood or of the liver, is by no means easy to 
ascertain. Certainly fasting animals have been anaesthetized in the customary 
way, and sugar determinations made on blood samples taken immediately 
anaesthesia is complete (usually within 6 or 7 min.) and after a further 7 or 
8 min., and no change whatever noted in the concentration of sugar. It might 
well be that there was an initial rise in the value above the fasting level, but to 
judge from the low values obtained this is doubtful. 

Table III shows the values of the ratio liver sugar/blood sugar in a number 


of different conditions. 


Table ITI 
Treatment No. of exps. Liver sugar/Blood sugar 
Absorbing glucose (given amytal) 13 1-15 
Absorbing fructose (given amytal) 14 1-08 
Fasting (given amytal) ft 1-07 
Fasting (stunned) 3 1-69 
Absorbing glucose (stunned) 3 1-68 


We do not regard the slight difference in the ratio between the rats fed with 
glucose, average value 1-15, and the rats fed with fructose, average 1-08, as of 
any significance. Further, these values are essentially the same as those found in 
fasting animals under amytal anaesthesia, average value, 1-07. We have also 
investigated the effect of stunning on the ratio liver sugar/blood sugar. There is 
a small increase in blood sugar but a very appreciable increase in liver sugar, 
giving a much enhanced ratio value. This is as one might anticipate in view of 
the result of hepatic glycogenolysis. Yet it is at variance with the results of 
Power & Clawson [1928] who found a higher liver sugar concentration in rabbits 
anaesthetized with amytal than in rabbits suddenly killed—presumably stunned. 

The effect of insulin. Using large doses of insulin (15 units per 100 g. body 
weight) Cori [1926] demonstrated a marked inhibition of hepatic glycogen 











Table IV 
Fed with fructose—3 ml. 40% sol. Fed with glucose—3 ml. 40% sol. 
. ———* c se 
Insulin injected* Saline injected* Insulin injected* Saline injected* 
Absorption for Absorption for Absorption for Absorption for 
118 min. 112 min. 100 min. 99 min. 
OT oe oC amen o_O OF 
Wt. Liver Wt. Liver Wt. Liver Wt. Liver 
rat glycogen rat glycogen rat glycogen rat glycogen 
g. g. per 100 g. g. g. per 100 g. g. g. per 100 g. g- g. per 100 g. 
232 1-20 392 1-90 361 1-29 354 2-90 
322 0-36 370 1-80 332 2-12 325 1-21 
274 0-35 250 1-70 340 1-80 437 1-70 
274 0-37 400 2-10 391 1-55 323 1-45 
340 2-20 352 2-50 a — 357 1-77 
268 0-54 240 2-10 a — — —_ 
Av. 0°8 2-0 1-7 1-8 


* 1 ml. of insulin solution, containing } unit insulin, or 1 ml. normal saline, injected } hr. 
after feeding the sugar. 
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synthesis from absorbed glucose and from fructose. We have modified this 
experiment in the following way. After feeding the sugar the control animals 
were injected intraperitoneally half an hour later with saline, the other animals 
similarly with a very small dose of insulin, namely, } unit. It was hoped that by 
this procedure there would be no very marked effect on the height of the blood 
sugar. However, no blood sugar determinations were made on these animals. It 
will be observed from Table IV that while this amount of insulin is without 
effect on glycogen synthesis from glucose, in a number of rats absorbing fructose 
there is a very pronounced decrease in hepatic glycogen deposition. 


DIscussIoN 


It will be seen from the above results that we have been unable to detect any 
appreciable difference in the free sugar content of the livers of rats absorbing 
glucose from those absorbing fructose. It will also be noticed that the liver 
tissue, as well as the venous blood, of the rats absorbing fructose contains only 
traces of this sugar. The utilization of this sugar, either by conversion into glucose 
or glycogen, or by oxidation, takes place at least as rapidly as the fructose is 
absorbed from the intestinal tract. Further, it should be noted that the increase 
in blood sugar during absorption of fructose is almost entirely due to glucose, 
at least as far as venous blood analyses are concerned. 

To account for the greater hepatic glycogenic power of fructose over glucose 
a number of possible explanations may be given. Rose et al. [1930] showed that 
absorption of fructose from the small intestine of the dog resulted in a marked 
increase, sometimes double the resting value, of the lactic acid of the portal 
vein blood, while the hepatic vein showed only a very slight increase. During 
the absorption of glucose there was no increase in the lactic acid of the blood of 
the portal vein. Cori & Cori [1929] have demonstrated the marked ability of 
the liver, in the instance of the rat, to convert lactic acid into glycogen. The 
synthesis to glycogen in the liver of the lactic acid formed from the fructose 
during absorption might well be responsible for an appreciable amount of the 
total glycogen formed in these animals. Again, the relatively rapid accumulation 
of hepatic glycogen during fructose ingestion may be due to preferential oxidation 
of this sugar (rather than glucose) by peripheral tissue, thus sparing blood 
glucose, with a consequent sparing of liver glycogen originating from non- 
carbohydrate sources, or it may be due to the rapid conversion of the sugar into 
glucose in the liver. Further, it may be that fructose exerts a catalytic effect on 
the glycogen synthesis mechanism of the liver cells. Experiments to support 
this hypothesis are now being conducted and will be reported later. 

Hepatic glycogen synthesis in the rat from both fructose and glucose is 
markedly inhibited by administration of insulin as shown by Cori [1926]. In his 
experiments Cori used relatively large amounts of insulin—15 units per 100 g. 
body weight. In our experiments very small amounts of insulin were given 
+ unit to rats weighing approximately 300 g. While such an amount of insulin 
had no detectable effect on glycogen formation in rats absorbing glucose there 
was frequently a decided inhibitory effect in animals absorbing fructose. This 
suggests a synthesis normally of some of the fructose to glycogen but not through 
an intermediate glucose stage, unless it be agreed that insulin influences the 
rate of conversion of fructose into glucose, i.e. inhibits gluconeogenesis from 
fructose. 

It is unfortunate that in the experiments in which the free sugar of the livers 
has been determined there should be such small differences between the liver 
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glycogen synthesis in the rats fed glucose and the rats fed fructose. Although 
we have found similar sugar values in the liver, irrespective of the sugar fed, the 
view that most of the glycogen is formed from fructose via glucose is not rendered 
untenable. We may consider the fructose to be rapidly taken up by the hepatic 
cells, very quickly converted to glucose, some of which is converted by the cells’ 
enzyme system into glycogen, while some readily passes to the blood, tending to 
maintain the customary equilibrium value liver sugar/blood sugar. Hence the 
increase in blood glucose during the ingestion of fructose would arise from the 
isomerization of fructose to glucose in the liver, over and above the amount of 
glucose which can be handled by the glycogenesis mechanism. So in times of 
rapid glycogen synthesis it seems erroneous to expect a greater value for the 
ratio liver sugar/blood sugar. This is what obtains during rapid glycogenolysis, 
as in the experiments on the stunned animals. Indeed it would be more logical 
therefore to expect to find a lower value for this ratio. In a number of individual 
instances in our experiments in which marked glycogen synthesis was occurring 
this result was obtained. But we do not wish to stress these particular results, 
and certainly in averaging all the values, as mentioned earlier no substantial 
difference from that of the fasting animal is found. 


SUMMARY 


1. The absorption coefficients of glucose and fructose in the 24 hr.-fasted 
rats are approximately 250 and 160 mg. per 100 g. per hr. respectively, while for 
young rats (60 g.) similarly fasted, the values are 360 and 150. 

2. Very small amounts of insulin, having no effect on hepatic glycogen 
synthesis in rats absorbing glucose, often markedly inhibit this synthesis in 
animals absorbing fructose. 

3. The liver and also the venous blood of rats absorbing fructose contain 


only traces of fructose. 

4. The ratio liver sugar/blood sugar is essentially the same in fasting rats 
and in rats absorbing glucose and fructose, and is about 1-1. 

5. It has been confirmed that fructose is a better hepatic glycogen precursor 
than glucose. The possible reasons for this result are discussed. 


REFERENCES 


Bollman & Mann (1931). Amer. J. Physiol. 96, 683. 
Cori (1925). J. biol. Chem. 66, 691. 
(1926). J. biol. Chem. 70, 577. 

—— (1927). Harvey Lect. 23, 76. 

—— (1931). Physiol. Rev. 11, 165. 

—— & Cori (1929). J. biol. Chem. 81, 389. 
Cuenca (1927). Biochem. Z. 190, 1. 
Good, Kramer & Somogyi (1933). J. biol. Chem. 100, 485. 
Griffiths & Waters (1936). Amer. J. Physiol. 117, 134. 
Harding & Nicholson (1933). Biochem. J. 27, 1082. 
Meyer (1934). J. Physiol. 80, 480. 
Molitor & Pollak (1931). Arch. exp. Path. Pharmak. 162, 488. 
Power & Clawson (1928). J. biol. Chem. 78, lvi. 
Rose, Giragossintz & Kirstein (1930). Proc. Soc. exp. Biol., N.Y., 27, 523. 
Shaffer & Somogyi (1933). J. biol. Chem. 100, 695. 








CCXXVIII. THE COUPLING OF OXIDO- 
REDUCTIONS AND DISMUTATIONS 
WITH ESTERIFICATION OF 
PHOSPHATE IN MUSCLE 


By DOROTHY MOYLE NEEDHAM anp 
RAMAN KOCHUKRISHNA PILLAI 


From the Biochemical Laboratory, Cambridge 
(Received 31 July 1937) 


THE disappearance of free phosphate during glycogenolysis in muscle extract or 
brei is a striking phenomenon, which has been well known for many years. It 
is only recently, however, that it has become possible to analyse this pheno- 
menon, and it is now clear that more than one mechanism can be involved. 

Parnas and his colleagues have lately elucidated one of these mechanisms, 
showing that in a dialysed muscle extract glycogen can react with inorganic phos- 
phate giving hexosemonophosphate [Parnas & Baranowski, 1935; Parnas et al. 
1936 ; Ostern et al. 1936]. In the absence of adenylpyrophosphate no further reaction 
takes place and hexosemonophosphate accumulates, until the whole of the 
glycogen or the whole of the phosphate is used up. If adenylpyrophosphate 
is now added, hexosediphosphate is formed. 

We have been studying another method of esterification of free phosphate— 
a phosphorylation of adenylic acid which is coupled with dismutation or oxido- 
reduction. 

That disappearance of free phosphate and phosphorylation of carbohydrate 
might depend upon oxido-reduction has from time to time been observed, e.g. 
by Nilsson [1933] in yeast extract, by Meyerhof & Kiessling [1935, 1, 2] in yeast 
and muscle extract, by Schaffner & Berl [1936] in yeast extract and by Dische 
[1934 ; 1936] in red blood cells and haemolysed blood. It is to be noticed that the 
oxido-reduction, e.g. of triosephosphate with pyruvic acid, is an exothermic 
reaction ; this fact suggested that the esterification dependent on it might be an 
endothermic reaction requiring provision of free energy. Now, little energy is 
given out on the hydrolysis of hexosemonophosphate and little energy is needed 
for its synthesis; on the other hand, the hydrolysis of adenylpyrophosphate is 
strongly exothermic and its synthesis would require provision of free energy. 
These considerations led us to enquire into the possibility of the coupling of 
oxido-reduction with synthesis of adenylpyrophosphate from adenylic acid and 
free phosphate. Dische, in his work on oxido-reduction and carbohydrate esterifi- 
cation in erythrocytes, had already mentioned an increase in easily hydrolysable 
phosphate in some experiments and had suggested that formation of adeny]l- 
pyrophosphate was an intermediate stage in the phosphorylation of carbo- 
hydrate by free phosphate. 

Our results [1937] showed that synthesis of adenylpyrophosphate from 
adenylic acid and free phosphate can take place in muscle extract, and that this 
synthesis is coupled with or is dependent upon simultaneous oxido-reduction ; 
in most cases we used the reaction between triosephosphate and pyruvic acid 
giving phosphoglyceric and lactic acids. While these results were in the press, a 
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note by Meyerhof [1937] appeared, in which it was shown that synthesis of 
creatinephosphate (via adenylic acid) can take place in muscle extract from 
creatine and free phosphate in proportion to accompanying oxido-reduction. 

The experimental results on muscle extract will first be described, and their 
importance in the chemistry of contraction of the intact muscle will be discussed 
later. 


EXPERIMENTAL DETAILS 
(1) Enzyme preparation 


An aqueous extract of dried acetone powder from rabbit muscle was used. 
This was prepared by a modification of the technique described by Meyerhof & 
Kiessling [1935, 2]. The rabbit was killed and bled, and its muscle was rapidly 
removed and cooled. This was passed twice through a cooled mincer, well mixed 
with one and a half times its weight of ice-cold distilled water and allowed to 
stand, with occasional stirring, for half an hour. The suspension was then strained 
through muslin, and the extract allowed to stand at room temperature 2-3 hr. 
At the end of this time, three volumes of acetone were added, and the pre- 
cipitate was spun off. It was washed once with acetone, once with ether, dried 
im vacuo and powdered finely. The aqueous extract from this powder was made 
by grinding 2 g. with 25 ml. water. It was necessary for our experiments that the 
extracts should be free from adenylpyrophosphatase, so the suspension was 
allowed to stand 5 days at 0° before use [see Lehmann, 1935].! It was also 
dialysed 33-4} hr. to remove any remaining substrates. Finally it was spun, 
and the almost clear slightly yellow solution was used. 


(2) Chemical preparations used 


The adenylpyrophosphate used was made by the method of Lohmann 
[1931]. 

We are indebted to Dr P. Ostern for some of the adenylic acid used. 

For the preparation of cozymase, the procedure described by Green et al. 
[1937] was used. This follows very closely the methods of Myrback [1933] and 
Kuler e¢ al. [1936]. The phosphopyruvic acid was made in this laboratory 
according to Kiessling’s method [1935] by Mr S. Williamson and Dr H. Lehmann, 
to whom we express our thanks. Triosephosphate was made by the method of 
Meyerhof & Lohmann [1934, 2]. 

(3) Methods 


Lactic acid was estimated by the method of Friedemann & Graeser [1933]. 
For inorganic phosphate the method of Fiske & Subbarow [1925] was used ; when 
arsenate was present the preliminary treatment described by Pett [1933] was 
introduced. Triosephosphate was estimated as inorganic phosphate after alkaline 
hydrolysis [Meyerhof & Lohmann, 1934, 1]; creatinephosphate was separated 
from true inorganic phosphate by barium precipitation, then estimated by Fiske 
& Subbarow’s method [1929]; difficultly hydrolysable phosphate (phospho- 
glyceric acid and glycerolphosphate) was found by subtracting the inorganic P 
present after 180 min. hydrolysis in N HCl at 100° from the total P. A correction 
must be made for the adenylic P and cozymase P remaining unhydrolysed after 
180 min.; this amounts to 40% of the adenylic P and about the same fraction 
of the cozymase P. 


1 Later experiments showed that even after only 1 day at 0°, no interference by adenylpyro- 
phosphatase took place. 
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The adenylpyrophosphate was estimated both by means of its easily hydro- 
lysable phosphate (7 min. in N HCl at 100° [Lohmann, 1928]) and by the de- 
aminase method of Parnas & Lutwak-Mann [1935]. 

In the latter method, adenylpyrophosphate is separated from free adenylic 
acid by addition to the trichloroacetic extract of 25° barium acetate followed 
by neutralization to phenolphthalein with NaOH. The precipitate is spun off and 
washed with 1% barium acetate (made just alkaline to phenolphthalein). The 
precipitate is dissolved in a little 0-1N HCl, and saturated sodium sulphate 
solution is added to remove excess of barium. The final adjustment can be made 
with more dilute sodium sulphate, as excess of sodium sulphate is to be avoided, 
although this salt is not so poisonous to the deaminase as barium ions. The 
barium sulphate precipitate must be washed very carefully, using dilute (0-1) 
HCl; if water only was used, very great losses were observed, probably due to 
adsorption. Four washings were carried out and these were added to the main 
solution, which was then neutralized and made up to 15 ml. This solution was 
then divided into two parts, the preformed ammonia being estimated in one 
part, the ammonia present after action of frog muscle enzymes in the other. 
The enzyme preparation was made by grinding 1 g. frog (R. temporaria) muscle 
with 10 ml. phosphate buffer (pH 7-2; 0-1-0-5 VM) and 1 g. quartz sand. 1 ml. of 
this brei was used; it is capable of setting free up to 0-15 mg. ammonia N from 
adenylic acid or adenylpyrophosphate in 2 hr. at 37°. After this incubation 
period, ammonia was estimated by the method of Parnas & Heller [1924]. The 
free ammonia in the brei itself was also estimated. If the ammonia distillation 
is not performed at once after the action of the deaminase, the samples are 
precipitated with trichloroacetic acid; it is unnecessary to remove the protein 
before distilling. We are indebted to Dr C. Lutwak-Mann for advice on this 
method. 

(4) Experimental procedure 


1 ml. of extract was made up to 2-5-3 ml. with other solutions. The final 
concentration of hexosediphosphate in the mixture was 0-013.M, of pyruvic acid 
0-026 M, of adenylic acid 0-006 M, of phosphate about 0-03./, unless otherwise 
stated. The phosphate solution had pH 7-2. Fluoride, 0-02.M, was always used 
to prevent breakdown of the phosphoglyceric acid formed. Cozymase was always 
added, as the extract contains less than the optimum amount; the solution used 
contained 150 mg. of the dry preparation in 100 ml., and 0-3 ml. was added per 
ml. extract or per 3 ml. final volume. In some cases the experiments were done 
at pH 7-2; in others bicarbonate was added (to make the mixture about 0-3%) 
and the pH was about 8-6. 

In order to obtain values for the initial content of inorganic P, lactic acid etc., 
appropriate amounts were pipetted out of the mixture immediately after addition 
of the extract and were run into an equal volume of 8 % trichloroacetic acid. 
After incubation of the rest of the mixture for the required time (usually 30 min. 
at 37°) this also was precipitated with an equal volume of 8% trichloroacetic 
acid. The trichloroacetic acid extracts were filtered through paper, and an 
aliquot part was neutralized and made up to a known volume. For | ml. of 
acetone powder extract (or about 3 ml. of reaction mixture) a convenient volume 
is 30 ml. 1 ml. can be used for each P fraction required and 15-20 ml. for lactic 
acid estimation. 

The results are expressed, unless otherwise stated, as mg. increase or decrease 
per ml. of acetone powder extract. 
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THE PHOSPHORYLATION OF ADENYLIC ACID 


In Table I are shown the results of some experiments in which oxido- 
reduction between triosephosphate and pyruvic acid was accompanied by 
formation of adenylpyrophosphate and disappearance of free phosphate. 


Table I 
Phospho- 
Lactic glyceric Inorganic _Pyrophos- 
Exp. acid acid P r phate P Remarks 

4 +0-85 +031 — 0:37 +0-35 5 min. at 37°, pH 7-2 

+158 +057 — 0-62 +0-66 10 min. at 37°, pH 7-2 
5 +1-80 +0-70 —0-78 +0-72 30 min. at 37°, pH 7-2 
7 +2-68 +0-66 —0-74 +0-66 30 min. at 37°, pH 8-6 


The extent of the oxido-reduction going on was determined by estimating 
the lactic acid and phosphoglyceric acid formed in each case. The fact that these 
two values are approximately equivalent shows that the fluoride poisoning is 
complete ; the breakdown of phosphoglyceric acid has been completely inhibited, 
and therefore no adenylpyrophosphate formation can be accounted for by 
phosphate from this source via phosphopyruvic acid. 

The adenylpyrophosphate formation was estimated by hydrolysis rate in 
Exps. 4 and 5, by deamination in Exp. 7. In all cases the inorganic P dis- 
appearing was equivalent to the adenylpyrophosphate P formed. 

That the formation of adenylpyrophosphate and the disappearance of 
inorganic phosphate are dependent on the oxido-reduction is shown in Table II. 
The presence of 0-0025.M iodoacetate prevents the oxido-reduction and at the 
same time completely inhibits esterification of inorganic phosphate and phos- 
phorylation of adenylic acid. Also, deficiency in cozymase, which greatly slows 
the oxido-reduction, greatly decreases esterification. ° 


Table II 
Lactic Inorganic Pyrophos- _Triosephos- 
Exp. acid r phate P phate P 

5 No iodoacetate +1-80 -0-78 +0-72 — 

+ Iodoacetate +0-32 0 0 0-28 
7 No iodoacetate +2-68 - 0-74 +0-66 _ 
+ Iodoacetate —- 0 0 -- 
15 No added cozymase +1-58 -0-15 —_ _— 
+Cozymase +5-28 — 0-93 — — 


It is interesting to remember that the formation of hexosemonophosphate 
from glycogen by reaction with inorganic phosphate is not inhibited by iodo- 
acetate. It was, however, found by Parnas and his colleagues to be inhibited by 
phloridzin, and another clear distinction between the Parnas esterification and 
the esterification studied here, is that the latter is unaffected by phloridzin (see 
Table II). 


Table III 
Lactic Inorganic Pyrophos- 
Exp. acid = phate P Remarks 
14 No phloridzin — —0-°81 +0-72 — 
+ Phloridzin — —0-81 +0-72 — 
18 No phloridzin +4:56 -0-51 +057 _ 
+ Phloridzin +3-87 — 0-45 + 0-66 — 
No phloridzin 0 -1-71 — Glycogen (1%) instead 
+ Phloridzin 0 — 0-36 — of hexosediphosphate + 


pyruvic + adenylic 
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In Exp. 18 the lactic acid formation is 15% inhibited, the esterification 12 % 
inhibited by 0-01M phloridzin. A parallel test on the same extract in which 
glycogen was added (in place of hexosediphosphate, pyruvate and adenylic 
acid) showed that esterification of glycogen was 80% inhibited by the same 
phloridzin concentration. 

The next consideration was the stoichiometric relation between dismutation 
and esterification. In passing it may be mentioned that the extract as used 
showed little or no deaminating activity, so that adenylic acid is not being 
destroyed in this way in the course of the experiments. In Table IV the ratios 


Table IV 
mg. 
adenylic 
acid % 
added adenylic 
Lactic acid produced _ per ml. acid 
Exp. P esterified extract _ esterified Remarks 
+ _ 22 pH 7-2, 15 min. at 20° 
42 » 30min. at 20 
34 99 5 min. at 37° 
56 a 10 min. at 37° 


61 a 30 min. at 37° 
76 a 30 min. at 37° 


68 pH 8-6, 30 min. at 37° 
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36 24 » 30 min. at 37° 0-07 M phosphate 
54 16 » 30 min. at 37° 0-07 M phosphate 


18 24 Po 5 min. at 37° 0-03 M phosphate 
18 27 » 15 min. at 37° 0-03 M phosphate 
18 28 » 30 min. at 37° 0-03 M phosphate 
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of lactic acid formed to P esterified are collected together. If the reaction of 
one molecule of triosephosphate with one molecule of pyruvate is coupled 
stoichiometrically with the esterification of one atom of P, then the ratio would 
be 2-9. It will be seen that the ratio does reach and exceed this value, butis usually 
not significantly less. The oxido-reduction can, of course, go on in the absence of 
adenylic acid, and the ratio would then be infinity. These results, then, seem to 
show that, according to the conditions, a greater or less proportion of the oxido- 
reduction can be coupled with phosphorylation, but that, however favourable 
the conditions, not more than one atom of P is esterified per molecule of lactic 
acid formed. 

The variability of the ratio is probably to be explained by the following 
considerations. In Exp. 4 no bicarbonate was added and the pH was 7-2; the 
time of experimentation was short. These conditions mean that the adenylic 
acid was present in excess, and in fact only 22-56% of the amount added was 
phosphorylated. In this experiment the ratio is near that required for one 


molecule of lactic acid to one atom of P esterified. In Exp. 5 also the pH was 7-2, 
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but the time allowed was longer, and nearly all the adenylic acid was phos- 
phorylated. In the remaining experiments the pH was higher, owing to the 
addition of bicarbonate and the time of incubation was 30 min. Under these 
conditions practically the whole of the adenylic acid was phosphorylated 
(75-90 %) when only M/150 was present and this phosphorylation was probably 
complete some time before the oxido-reduction ceased. When larger quantities 
of adenylic acid were added (Exps. 25, 26, 32 and 42) phosphorylation was less 
complete and the ratio fell. 

More work is, however, needed on these stoichiometric relations, as cases 
were encountered, for instance Exp. 42, where the ratio was as low as 2. It is 
possible that under certain conditions so far not ascertained, the dismutation of 
triosephosphate with triosephosphate is playing a part, even when pyruvic acid 
is present. 

(5) The effect of arsenate 


A third substance whose effect on phosphorylation is of great interest is 
arsenate. It has been known for many years that addition of arsenate prevents 
accumulation of phosphoric esters of carbohydrate during glucose fermentation 
by yeast extract or glycogenolysis by muscle extract; and further that, in 
presence of arsenate, the rate of alcohol or lactic acid formation from hexosedi- 
phosphate is as high as that from glucose or glycogen. Without arsenate, hexose- 
diphosphate breakdown is very slow. Harden & Young originally suggested that 
arsenate activates a hexosediphosphate phosphatase, so that glucose and free phos- 
phate were continually being reformed. But subsequent work on phosphatases has 
shown inhibition rather than activation by arsenate [see e.g. Pett & Wynne, 
1934; Schaffner & Krumey, 1936]. One exception has recently been claimed— 
that of adenylpyrophosphatase [Schaffner & Krumey, 1936]. The work of 
Meyerhof & Kiessling [1936] seemed also to show that arsenate had a similar 
activating effect upon an enzyme breaking down the pyrophosphate compound 
of cozymase. If arsenate increases the rate of dephosphorylation of adenyl- 
pyrophosphate, then an explanation of the increased rate of lactic acid formation 
from hexosediphosphate would be at hand. One step in lactic acid formation is 
the dephosphorylation of phosphopyruvic acid, the phosphate being transferred 
to adenylic acid. In the presence of glycogen the phosphate is very rapidly again 
transferred with the formation of hexosemonophosphate or hexosediphosphate ; 
if no substance capable of receiving the phosphate from adenylic acid is present, 
then the rate of phosphopyruvic acid breakdown will depend on adenylpyro- 
phosphatase activity. In fresh muscle extract, the rate of formation of free 
phosphate from adenylpyrophosphate is much less than its rate of transfer to 
carbohydrate or creatine; and the adenylpyrophosphatase is far more readily 
inactivated by standing than the enzymes concerned with phosphate transport 
from one organic molecule to another. Thus any circumstance increasing the 
rate of adenylic acid reformation will increase the rate of breakdown of hexosedi- 
phosphate and phosphopyruvic acid. 

We decided to try what effect, if any, arsenate has on oxido-reduction and 
the phosphorylation of adenylic acid. As Table V shows, the esterification is 
completely inhibited, although the oxido-reduction goes on as usual. A further 
question then arises. Is this effect due to an inhibition of the coupling? Or is 
adenylpyrophosphatase present and activated by the arsenate to such an extent 
that any adenylpyrophosphate synthesized by the coupling mechanism is again 
broken down? We had several times shown that the adenylpyrophosphatase 
activity of our extracts was nil, but it remained possible that arsenate might 
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be having a great activating effect upon otherwise undetectable traces of the 
enzyme. We therefore tested the adenylpyrophosphatase activity of this same 
extract, with and without arsenate (Exp. 19). In neither case was there any 
significant breakdown. It seems, therefore, that arsenate inhibits the coupling 
mechanism, without inhibiting oxido-reduction. 


Table V 
Lactic Inorganic 
acid P 
No arsenate — —1-14 
+Arsenate M/75 — 0 


No arsenate 4-28 — 0-69 

+ Arsenate 5-0 +0-18 

No adenylic acid; no arsenate but a — 0-09 
adenylpyrophosphate (0-8 mg. P) 

Do. +arsenate M/100 — +0-06 


No arsenate 1-89 —0-78 
+ Arsenate M/80 2-45 0 
Do. M/320 2-51 0 


It is to be noticed that this inhibition of the coupling in itself leads to 
increased adenylic acid concentration, and thus would lead to increased rate of 
hexosediphosphate and phosphopyruvic acid breakdown. Further, in view of 
these results upon the effect of arsenate on the coupled mechanism the effect of 
arsenate upon adenylpyrophosphatase can only be studied with certainty when 
the conditions are such that no coupled resynthesis can come into operation in 
the unpoisoned control. 

In order to study this question, we used fresh aqueous extract prepared in 
the usual way from rabbit muscle, not more than 2 days old and dialysed 3 hr. 
Such extracts contain active adenylpyrophosphatase, and their action on adenyl- 
pyrophosphate was tested with and without arsenate. In order to make sure 
that no coupled adenylpyrophosphate resynthesis obscuring breakdown was 
going on, controls were performed in which adenylic acid and inorganic phosphate 
were added instead of adenylpyrophosphate. No esterification of free phosphate 
took place in these controls (Exp. 20). 


Table VI Incubation 
Exp. Inorganic P time 
20 Adenylpyrophosphate (1-2 mg. pyro P) but no +0-33 _— 
adenylic acid or arsenate 


Do. + arsenate +031 
Adenylic acid only without A.T.P. or arsenate -0-01 _ 


Adenylpyrophosphate (1-45 mg. pyro P), no + 0-090 15 min. 
arsenate 
+0-171 30 min. 


0. 
+ Arsenate M/240 +0-114 15 min. 
Do. +0-204 30 min. 


It will be observed that, especially during the first 15 min., arsenate has some 
effect in increasing adenylpyrophosphate breakdown. But even in the early 
period the breakdown without arsenate is about 80% of that with arsenate; 
it seems clear that this effect alone cannot account for the increased rate of 
hexosediphosphate breakdown, for during the first 15 min. this is usually at 
least twice as high with arsenate as without. 

We also tested whether arsenate affects the rate of transfer of phosphate 
from phosphopyruvic acid to adenylic acid, and the result was negative. 
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Table VII 


0-02. M phosphopyruvic acid instead of hexosediphosphate+pyruvic as usual. Arsenate 
lor : : 
M/250. Rest as in other experiments. Amino-N in the adeny?- 
pyrophosphate formed 
Exp. by 1 ml. enzyme solution 


35 No arsenate 0-068 
+ Arsenate 0-055 
No arsenate 0-095 
+ Arsenate 0-103 


THE SPECIFICITY OF THE REACTANTS 


In all the experiments so far described the oxido-reduction studied has been 
between triosephosphate and pyruvic acid. We have also tried the effect of other 
oxido-reductions upon esterification of adenylic acid (Table VIII). 

The reaction of «-glycerophosphate with pyruvic acid led to esterification of 
free phosphate (Exps. 15 and 44). There are probably two oxido-reductions 
occurring here—that of «-glycerophosphate with pyruvic acid, producing triose- 
phosphate and lactic acid, followed by that of the triosephosphate with pyruvic 
acid. 

No lactic acid formation and no disappearance of free phosphate took place 
with £-glycerophosphate and pyruvic acid. 

When pyruvic acid is present together with triosephosphate, the phospho- 
glyceric acid formed is equivalent to the lactic acid formed, and to the phos- 
phate esterified. This seems to mean that the only oxido-reduction occurring is 
that between these two substances. But if pyruvic acid is absent, dismutation 
occurs between one molecule of triosephosphate and another. This dismutation, 
as was previously known [Meyerhof & Kiessling, 1935, 2], is slower than the 
reaction with pyruvate, but it is also coupled with adenylpyrophosphate 
synthesis [see also Meyerhof, 1937]. In this case, the difficultly hydrolysable phos- 
phate formed is equivalent to twice the phosphate esterified (Exps. 15 and 39). 

We are indebted to Dr D. E. Green for the information that, in muscle 
extract, triosephosphate can react with oxaloacetic acid instead of pyruvic acid ; 
and further that glyceraldehyde can react with both pyruvic and oxaloacetic 
acids. All these oxido-reductions are inhibited by iodoacetate. The effect of 
each of these oxido-reductions upon phosphate esterification in presence of 
adenylic acid was tested. 0-026 M oxaloacetate and glyceraldehyde were used. 


Table VIII 
Difficultly § Triose- 


Lactic Inorganic hydrolys- phosphate 
acid - able P P 

Hexosediphosphate + pyruvic acid 5-28 — 0-93 
«-Glycerophosphate + pyruvic acid 2-16 —0-51 
B-Glycerophosphate + pyruvic acid 0-57 -0 

Hexosediphosphate 1-22 — 0-93 
a-Glycerophosphate + pyruvic acid 1-09 — 0-25 
Hexosediphosphate + oxaloacetic acid — — 1-02 
Do. — — 0-85 
Hexosediphosphate —0-47 
Hexosediphosphate + pyruvic acid —0-°75 
Do. + oxaloacetic acid — 0-87 
Glyceraldehyde + pyruvic acid . —0-09 
Do. + oxaloacetic acid 0 

Triosephosphate + iodoacetic acid —0-12 
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In the presence of triosephosphate and oxaloacetic acid, the disappearance of 
free phosphate was as great as with pyruvic acid. These experiments were 
performed with the solution in equilibrium with an atmosphere of 95% N,+5% 
CO,, and in M/40 NaHCO,. Control experiments in Barcroft manometers 
showed that under these conditions the decarboxylation of oxaloacetic to 
pyruvic acid is very slight. This is borne out by the “lactic acid” estimations, 
where the volatile bisulphite-binding substance was hardly greater in amount 
than that arising in a control from an amount of malic acid equivalent to the 
phosphoglyceric acid formed. The phosphoglyceric acid formed was equivalent to 
the phosphate esterified, showing that dismutation of triosephosphate with triose- 
phosphate was playing no part. 

With glyceraldehyde and pyruvic acid the oxido-reduction led to lactic acid 
formation not much less than with triosephosphate and pyruvic acid. But no 
esterification occurred. With glyceraldehyde and oxaloacetic acid (where the 
acid production has so far only been observed manometrically) there was also 
no esterification.1 

It may be mentioned that the reversible reaction hexosediphosphate — 2 tri- 
osephosphate cannot, in either direction, be coupled with adenylpyrophosphate 
synthesis. That the breakdown of hexosediphosphate is not coupled is shown by 
the lack of adenylpyrophosphate synthesis in presence of iodoacetic acid; that 
the reverse exothermic reaction is not coupled was shown by Exp. 16. Here 
0-06 M triosephosphate was used, the other additions to the extract being 
phosphate, adenylic acid and iodoacetate in the usual concentrations. The 
mixture was kept 5 min. at room temperature. The decrease in alkali-labile 
phosphate shows that about 90% of the triosephosphate has been converted 
into hexosediphosphate. 

We finally wished to know whether hexosediphosphate could replace free 
phosphate in providing phosphate groups for the esterification of adenylic acid. 
Lutwak-Mann & Mann [1935], and Ohlmeyer [1935] have found in Lebedev 
extract from yeast evidence of transfer of phosphate from hexosediphosphate to 
adenylic acid. This, like the reaction between adenylic acid and free phosphate, 
must be an endothermic reaction, and it was observed that it could only take 
place while some of the hexosediphosphate was breaking down; further, that it 
was impossible in the presence of iodoacetate. Ohlmeyer claimed that the 
product of dephosphorylation of the hexosediphosphate was hexosemonophos- 
phate, but the evidence for this is not clearly given. 

In muscle extract, we could find no evidence for this reaction. The 
extracts used were dialysed 6-7 hr., to ensure a very low phosphate content. 
Hexosediphosphate, pyruvate, adenylic acid and iodoacetate were added as usual 
but no phosphate (Table IX). 

Table IX 
Creatine- 


Exp. Inorganic P PyroP phosphate P 
14 No inorganic P added — 0-06 +0-21 — 
+ Inorganic P added —0-81 +0-72 — 
29 No inorganic P added, 5 min. — 0-26 +0-16 _ 
No inorganic P added, 15 min. — 0-26 +0-20 — 
37 No inorganic P added + creatine — 0-094 — +0-097 
(15 min. at 37°) 


1 In a recent paper, Braunstein & Vyshepan [1937] have shown that, in muscle extract, triose- 
phosphate can react with certain homologues of pyruvic acid, «-ketobutyric acid and «-ketovaleric 
acid. These oxido-reductions were accompanied by disappearance of inorganic phosphate. 
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The adenylpyrophosphate formed was never greater than could be accounted 
for by the inorganic phosphate disappearing. It seemed, however, possible that 
phosphate might at first be rapidly transferred to adenylic acid with formation 
of adenylpyrophosphate and hexosemonophosphate (by means of the coupled 
mechanism) and that this reaction might be later followed by rephosphorylation 
of the hexosemonophosphate at the expense of adenylpyrophosphate : 


2 Hexosediphosphate +adenylic acid - 2 hexosemonophosphate + adenyl- 
pyrophosphate coupled with oxido-reduction, 

2 Hexosemonophosphate + adenylpyrophosphate — 2 hexosediphosphate + 
adenylic acid. 


We therefore tried stopping the incubation after shorter intervals of time. 

As these attempts met with no success, we tried the addition of creatine; 
assuming that, if adenylpyrophosphate and hexosemonophosphate were formed, 
then later dephosphorylation of the adenylpyrophosphate would go on, at any 
rate partly, by reaction with creatine with formation of creatinephosphate. The 
results show that the creatinephosphate formed is equivalent only to the 
inorganic phosphate disappearing, and there is no evidence that any dephos- 
phorylation of hexosediphosphate has occurred. 























Discussion 





(1) The mechanism of the coupled reaction 


Little can be said about the mechanism of this coupling until the mechanism 
of the oxido-reduction processes concerned is itself understood. The oxido- 
reduction between, for example, pyruvic acid and Cienega may be 
written in two stages: 


Triosephosphate + cozymase ~phosphoglyceric acid + reduced cozymase, 
Pyruvic acid +reduced cozymase ~lactic acid + cozymase. 


Here we have two separate reactions, each yielding heat and free energy; 
either or both may be coupled with the endothermic synthesis of adenylpyro- 
phosphate. The analytical results of the present paper, as well as those of 
Meyerhof [1937] and Meyerhof & Kiessling [1935, 1, 2] suggest that, whatever 
the exact mechanism of the coupling, the relations are stoichiometric. Further 
work must elucidate the nature of the intermediate compounds and reactions 
playing a part for example in the balanced reaction which may be written: 


2 Triosephosphate + cozymase + adenylic acid +2 H,PO,-2 phosphoglyceric 
acid +reduced cozymase + adenylpyrophosphate. 


The chemical relationship between cozymase and adenylic acid suggests possible 
mechanisms—e.g. the formation of a reduced phosphorylated cozymase, followed 
by the splitting off of adenylpyrophosphate, followed by combination of the 
reduced cozymase residue with free adenylic acid. This is only a hypothesis, but 
it makes possible the visualization of the production of free energy (in the 
reduction of the cozymase) and its utilization (in the phosphorylation of cozy- 
mase) in the same molecule. 

The fact that all these experiments were done in extracts free from adenyl- 
pyrophosphatase shows clearly that the coupled mechanism of synthesis cannot 
depend in any way on a reversal of the action of this enzyme. 

Dixon & Lutwak-Mann [1937, 1] have shown that the aldehyde mutase of 
liver is an enzyme distinct from acetaldehyde dehydrogenase. They suggest 
[1937, 2] that this dismutation is brought about by a single enzyme with two 
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active centres; at one, cozymase is reduced by aldehyde, at the other, reduced 
cozymase is oxidized by aldehyde. This enzyme, unlike the dehydrogenases, is 
poisoned by iodoacetate. All oxido-reductions which have been, in the present 
work, coupled with phosphate esterification, are poisoned by iodoacetate; that 
the enzymes concerned also resemble mutase in not consisting of linked dehydro- 
genase systems is made likely by the results of Dewan & Green [1937] and of 
Innes [1937]. It is as yet uncertain whether dehydrogenase systems can, in 
muscle extract, be coupled with phosphorylation of adenylic acid. For a dis- 
cussion of lactic and triosephosphate dehydrogenases in this connexion, the 
reader is referred to the paper of Innes [1937]. 


(2) The Harden and Young equation 


The knowledge of this coupled mechanism for the esterification of free 
phosphate and phosphorylation of adenylic acid clears up certain difficulties; 
for instance, it is well known that the Harden & Young equation (according to 
which for every molecule of carbohydrate breaking down to alcohol, a second 
molecule is esterified to hexosediphosphate) under certain experimental con- 
ditions describes the events in muscle extract, lactic acid being substituted for 


sleohol: 2 Hexose + 2H,PO, —2 lactic acid + hexosediphosphate. 


The mechanism underlying these stoichiometric relations has often been debated, 
.but until the present time has remained obscure. 

Consider now carbohydrate breaking down in muscle extract in presence of 
adenylpyrophosphate. The reaction between carbohydrate and adenylpyrophos- 
phate is extremely rapid, and the whole of the pyrophosphate P is at once trans- 
ferred to the carbohydrate. The amount of adenylpyrophosphate originally present 
is, of course, very small compared with the amount of carbohydrate, but let us 
suppose that it is enough to provide more triosephosphate than that required to 
saturate the mutase: 

n Glycogen residues +n” A.T.P. +n hexosediphosphate + adenylic acid 
(x—m) hexosediphosphate + 2 (n—m) pyruvic acid > 
2 (n—m) phosphoglyceric acid + 2 (n—m) lactic acid 
y 
2 (n—m) phosphopyruvic acid 
2 (n—m) phosphopyruvic acid + (n—m) adenylic acid ~ 
2 (n—m) pyruvic acid + (n—m) adenylpyrophosphate. 


If we consider first the case where coupled resynthesis of adenylpyrophos- 
phate is not possible, then we see that the above reactions result in a steady 
state of lactic acid production in which (n —m) molecules of adenylpyrophosphate 
are continually built up and broken down; m molecules of hexosediphosphate 
(a very small, perhaps undetectable concentration) and m molecules of adenylic 
acid are continually present. But when we take into consideration the coupled 
resynthesis, then we see that in each cycle twice as much adenylpyrophosphate 
is resynthesized. This must mean that twice as much hexosediphosphate is 
formed each time as can be broken down by the mutase, and that for every 
2 (n—m) molecules of lactic acid formed, (n —m) molecules of hexosediphosphate 
accumulate—in fact the relations are those expressed in the Harden & Young 
equation. That hexosephosphates do not accumulate to any marked extent in 
normal contracting muscle is due to the utilization of the excess adenylpyro- 
phosphate to phosphorylate creatine, as described later in this discussion. 
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(3) Inhibition of ammonia formation by pyruvate + phosphate 


Parnas and his colleagues have observed that ammonia formation in muscle 
brei poisoned with fluoride cannot be suppressed by addition of hexosediphos- 
phate, but it can be suppressed if pyruvic acid together with free phosphate is 
also added [see Parnas & Lutwak-Mann, 1935]. It was at first supposed that 
phosphopyruvic acid could be synthesized from pyruvate and phosphate, but 
there is no evidence for this. It was then suggested by Needham & van Heyningen 
[1935] that the effect depended upon reaction between the added pyruvic acid 
and glycerophosphate (formed from the hexosediphosphate). The result of such 
oxido-reduction would be the formation of phosphoglyceric acid, and in the 
presence of this increased concentration of phosphoglyceric acid, the fluoride 
poisoning might be to some extent overcome [see Mann, 1935]. Parnas accepted 
this interpretation, with the important modification that the oxido-reduction 
leading to phosphoglyceric acid formation is rather between triosephosphate and 
pyruvic acid [Parnas et al. 1936]. It seems now, however, much more likely 
that the suppression of ammonia formation depends upon adenylpyrophosphate 
synthesis from free phosphate coupled with the oxido-reduction. The fact that 
addition of inorganic phosphate is necessary supports this view, which would 
also explain why suppression of ammonia formation by pyruvate + phosphate 
does not occur in iodoacetate-poisoned brei. 


(4) The role of the coupled esterification in the contracting muscle 


In the muscle contracting anaerobically, the most striking chemical changes 
are disappearance of glycogen and creatinephosphate and increase in lactic 
acid, free creatine and free phosphate. The creatine and the phosphate formed 
are equivalent to the creatinephosphate disappearing. After the anaerobic 
contraction there follows anaerobic “‘recovery”. During this time (30-60 sec.) 
more lactic acid is formed (about as much again as during the contraction period 
proper, after 1-10 sec. tetanus) and about one-third of the lost creatinephosphate 
is resynthesized, equivalent amounts of creatine and phosphate disappearing. 
It seems that this synthesis of creatinephosphate must take place via adenylic 
acid, for creatine cannot react directly with inorganic phosphate. The problem 
of anaerobic recovery is therefore to provide an excess of adenylpyrophosphate 
above the amount needed for phosphorylating glycogen, so that this excess may 
react with creatine. 

In the following scheme for the happenings during anaerobic recovery, only 
the well-established way of phosphorylating adenylic acid by means of phos- 
phopyruvic acid is used; but the adenylpyrophosphate is economized by calling 
also upon the Parnas mechanism for formation of hexosemonophosphate from 
glycogen and free phosphate. The heats of reaction are taken from the work of 
Lohmann [1934] and Meyerhof & Schulz [1935; 1936]: 

I. Glycogen +2H,PO, 2 hexosemonophosphate. 
II. 2 Hexosemonophosphate + adenylpyrophosphate —2 hexosediphos- 
phate +adenylic acid (+ 24,000 g. cal.). 

III. 2 Hexosediphosphate — 4 triosephosphate (— 28,000 g. cal.). 

IV. 4 Triosephosphate + 4 pyruvic acid 4 phosphoglyceric acid + 4 lactic 
acid (+32,000 g. cal. + 24,000" g. cal.). 
V. 4 Phosphoglyceric acid +4 phosphopyruvic acid. 


1 This portion of the heat output is due to neutralization by protein of the acid formed. 


a 
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VI. 4 Phosphopyruvic acid+2 adenylic acid--4 pyruvic acid+2 adenyl- 
pyrophosphate (—2 x 7400 g. cal.). 
VII. Adenylpyrophosphate + 2creatine —2creatinephosphate + adenylic acid 
(+1000 g. cal.). 


There are two criticisms to make of this scheme. In the first place it gives 
resynthesis of only one molecule of creatinephosphate for two molecules of 
lactic acid formed from glycogen, whereas the figures actually found by Lunds- 
gaard [1931] during the anaerobic recovery period showed about four molecules 
of creatinephosphate for two molecules of lactic acid. In the second place, this 
scheme conflicts with the thermal data; it would lead us to expect a large output 
of heat during anaerobic recovery, whereas the observed output is very small. 
We may suppose that the heat of reaction II is used in overcoming the cooling 
effect of reaction III; but about 75% of the heat of reaction IV would be 
expected to appear as heat, only 25% being needed to overcome the cooling 
effect of reaction VI. There is also another difficulty. The relation of heat to 
tension is the same in the early contractions of muscle poisoned with iodoacetic 
acid as in a normal muscle [Fischer, 1930]. Presumably in the poisoned muscle 
as in the normal, the fibrils draw first (to a degree depending on the tension 
produced) upon the adenylpyrophosphate ; in the poisoned muscle this is restored 
only by creatinephosphate breakdown, breakdown of carbohydrate further than 
triosephosphate being impossible. The resynthesis of adenylpyrophosphate by 
means of creatinephosphate breakdown is thermally very efficient; therefore in 
normal muscle the resynthesis by means of carbohydrate breakdown must be 
very efficient also, for no greater heat formation occurs per unit of tension. 

These difficulties are very largely removed by taking into consideration the 
coupled oxido-reduction and phosphorylation of adenylic acid described in this 
paper. This coupling means that two molecules of adenylpyrophosphate would 
be formed during reaction IV. This, together with the adenylpyrophosphate 
formed in reaction VI, gives the possibility of the synthesis of six molecules of 
creatinephosphate, as well as the restoration of the original adenylpyrophosphate 
concentration. Thus three molecules of creatinephosphate are synthesized for 
every two molecules of lactic acid formed from glycogen—a figure much nearer 
Lundsgaard’s observed results. As regards the thermal data, the heat produced 
in reaction IV is not a very easily computed amount, as a large part of it depends 
upon the neutralization of the acid formed by protein, and this fraction will vary 
according to the pH of the muscle at the time. But it seems very likely that the 
heat produced in reaction IV would be just about enough to overcome the 
cooling effect of reaction VII and to provide for the requirements of the endo- 
thermic synthesis of adenylpyrophosphate (— 48,000 cal.). Thus the observed 
results during anaerobic recovery—the small “delayed anaerobic heat’ amount- 
ing to about 9% of the whole anaerobic heat [see Blaschko, 1930] and the small 
negative heat [Hartree, 1933]—are easily understood ; and resynthesis of adenyl- 
pyrophosphate from carbohydrate breakdown becomes as efficient as resynthesis 
from creatinephosphate. 

SUMMARY 

1. The existence in muscle extract of a coupled mechanism whereby synthesis 
of adenylpyrophosphate (from adenylic acid and free phosphate) can accompany 
oxido-reduction has been demonstrated. 

2. That the synthesis of adenylpyrophosphate depends on the oxido- 
reduction is shown by the fact that any condition which prevents the latter 
(absence of cozymase, presence of iodoacetate) prevents also the synthesis. 
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3. Phloridzin has no effect on the synthesis. 

4. Arsenate has no inhibitory effect on the oxido-reduction, but entirely 
prevents the coupled synthesis of adenylpyrophosphate. 

5. The activating effect of arsenate upon adenylpyrophosphatase (in enzyme 
preparations carefully freed from other substrates) was small. It is suggested 
that the inhibition by arsenate of the coupled phosphorylation of adenylic acid 
may be an important factor in the activating effect of arsenate upon hexosedi- 


phosphate breakdown. 

6. Oxido-reductions which can be coupled with adenylic phosphorylation in 
muscle extract are: triosephosphate + pyruvic acid; 2 triosephosphate; triose- 
phosphate + oxaloacetic acid; «-glycerolphosphate+ pyruvic acid. The results 
suggest that for each molecule oxidized or reduced one atom of P is esterified. 
Oxido-reduction between glyceraldehyde and pyruvic acid or oxaloacetic acid 


is not coupled with adenylpyrophosphate synthesis. 
7. No evidence could be found for transfer in muscle extract of phosphate 


from hexosediphosphate to adenylic acid. 

8. The establishment of this synthesis of adenylpyrophosphate coupled with 
oxido-reduction between triosephosphate and pyruvate makes much clearer 
(i) the origin of the Harden & Young equation, (ii) the events of anaerobic 
recovery, explaining (a) the observed ratio of creatinephosphate synthesis to 
lactic acid production; (b) the absence of any significant heat output during the 
anaerobic recovery period. 
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AN important stage in the study of vitamin E was reached when Evans et al. 
[1936] described the isolation from the unsaponifiable fraction of wheat germ oil 
of two allophanates one of which was definitely crystalline and both of which on 
hydrolysis yielded biologically active materials. The properties of the two parent 
compounds, which were suspected of being isomerides and which were accordingly 
named «- and f-tocopherol, were as follows: 












a-Tocopherol B-Tocopherol 
M.P. of allophanate 158-160° 138° 
Formula of allophanate C3,H;.N,0, or C;.H;,N.0, C,,H;.N,0, 
Microscopic appearance Granules, isotropic Long needles 
Formula Cy9H 5902 C.9H;,0, 
U.v. absorption E}*!- 2980 A. ca. 90 +10 Stated to be similar to «-compound 
Curative rat dose 2-5 mg. Stated to be less potent than « 







In another publication [Emerson e¢ al. 1936] they described the isolation of 
the same compounds from cotton-seed oil concentrates, thus linking their work 
up with the observations of Olcott [1934] and Drummond et al. [1935, 2], that 
biologically active concentrates can be made from this oil as conveniently as 
from wheat germ oil. By a fractionation method based on selective adsorption 
and distillation in high vacuum Drummond et al. [1935, 2] were able to prepare 
concentrates showing E}*!; 2940 A.=59 and a high persistence. Restoration of 
fertility was observed after administration of single doses of 0-5-1 mg. Our 
material gave on elementary analysis figures which were consistent with the 
formula C,,H; 90, but we had little confidence that our methods had led to the 
isolation of a pure compound. The evidence at that time indicated that if our 
material was a mixture then its components were substances of chemically 
similar character, of which one, the vitamin, might represent either the greater 
part or alternatively a very small fraction. When the paper of Evans et al. [1936] 
appeared we were faced with the more perplexing difficulty that they had 
isolated a compound showing a considerably higher degree of selective absorption 
at 2940-2980 A. than any preparations we had had, but one which appeared to 
be a good deal less potent than ours in biological tests. 

This raised once again in rather an acute form the question of the relation, 
if any, between selective absorption at 2940-2980 A. and biological activity, 
which has already been the subject of no little discussion [ef. Olcott, 1935]. 
According to our spectroscopic measurements on the cleanest preparations we 
have made the maximum, at any rate for 8-tocopherol, is at 2960 A. with a 
minimum at 2590 A. (see Fig. 1). Unfortunately our re-investigation of the 
subject was gravely hampered in its early stages by financial restrictions which 
forced us to sacrifice our animal colony. The only biological tests we can report 
( 1852 ) 
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are those which were carried out for us by Dr A. J. P. Martin at Cambridge and 
by Mr A. L. Bacharach of the Glaxo Laboratories. We are deeply grateful for 
their willing assistance in a serious emergency. 


Max. 296 mu 


250 260 270 280 290 300 310 320 
mye 
Fig. 1. 


EXPERIMENTAL 


The preliminary stages of the fractionation originally employed by Evans & 
Burr [1927] consisted of treatment with and partition between various solvents. 
It is stated that after removal of the bulk of sterols from cold pentane and methyl 
alcohol solutions a partition between these solvents gives a fraction soluble in 
the former solvent which is active for rats in a dose of 10 mg. According to their 
tests on «-tocopherol this fraction should consist of about 25°%% of the active 
substance. This appeared at first sight to be a more economical method of con- 
centration than that based on adsorption which we had been using. A com- 
parative experiment was therefore made. 

The unsaponifiable fraction from 5-9 kg. wheat germ oil was treated in cold 
methyl alcohol to remove as much sterol as possible. A sample of 90 g. of the 
soluble fraction, a deep red-coloured wax, was dissolved in 900 ml. of light 
petroleum and six times extracted with an equal volume of dry methyl alcohol 
previously saturated with light petroleum. The weights of material extracted by 


the alcohol were as follows: 
Fraction t. g. El'! 2960 A. 


39 (inflexion only) 


37 (inflexion only) 


General absorption 
Total 69-0 


In view of the poor spectroscopic quality of extracts the fractions were 
reunited, dissolved again in light petroleum and extracted, as in the procedure 
of the American workers, with 92° methyl alcohol. Fifteen extractions were 
made in all. They removed 23 g. of material showing only a suggestion of 
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selective absorption.. From the light petroleum were recovered 45 g. of a red- 
coloured wax exhibiting an inflexion at 2960 A. corresponding to E!%/* 40. The 
rather laborious procedure had given us, therefore, a 50% yield of material still 
rather unsatisfactory from the spectroscopic examination because of the diffi- 
culty of assessing the true absorption at 2960 A. owing to the presence of sub- 
stances showing a strong general absorption. By further treatment of this 
fraction by dissolving in hot methyl alcohol and cooling with CO, snow 21 g. of 
insoluble material showing no selective absorption were separated but even then 
the residual 24 g. remaining in solution still showed only an inflexion corre- 
sponding to Z}‘/° 39. In a previous paper [Drummond ef al. 1935, 2] we em- 
phasized the importance of measuring not only absorption at the maximum but 
also at the minimum, then thought to be at 2670 7 so as to determine the 
persistence. Because of its poor spectroscopic quality this yield, representing 
approximately 25 % of the original fraction, was disappointing, compared with 
those we obtained by using the chromatographic method of selective adsorption 
as a preliminary step. Direct comparison of the two methods made this clear. 
90 g. of the same original fraction were dissolved in light petroleum and poured 
through columns of aluminium oxide, as described in our previous papers 
[Drummond e¢ al. 1935, 1, 2]. The following fractions were obtained: 


Fraction Position in column Wt. g. zt Persistence 
A Unabsorbed 11-0 _ — 
B a 16-0 = — 
C Bottom 12-0 General absorption 
D Intermediate 7-4 a eo a ae 
E Top on Marked inflexion 2960 A. 


Fractions D and E were united, a small amount of sterol removed from 
methyl] alcohol solution and the residue readsorbed from light petroleum. 


Fraction _ Position in column Wt. g. Ply Persistence 
DE 4 Bottom 7-60 33 1-9 
= : sy a Strong inflexion at 2960A. 
DE 1 Top 1-2 General absorption 


Fractions DE 2 and 3 were later readsorbed to yield further material showing 
a definite band. 

It was then decided to try whether adsorption would separate the substances 
responsible for general absorption from the 24 g. of concentrate prepared by the 
solvent process of Evans et al. The chances were improved by removal of sterols 
precipitable under the ordinary conditions by digitonin. This yielded 14 g. of 
residue which in light petroleum solution were passed through an aluminium 
oxide column in the usual manner. 


Fraction Position in column Wt. g. Ell 2960 A. Persistence 
1 Top 2-8 Inflexion _ 
2 ” 1-1 ”» — 
3 se 8-25 28 1-0 
4 Bottom 1-8 32 2-0 


In our hands, therefore, a two-stage adsorption process gave more than four 
times as great a yield of material with E}*'* 2960 A. about 30 and a persistence 
of about 2 as was obtained by supplementing the solvent extraction process by 
a single adsorption. The solvent extraction gave very disappointing results. 
In all subsequent work, therefore, we used the adsorption process. 
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Removal of “sterols” from vitamin fractions 


There is perplexing variety of “sterol-like’’ substances closely associated 
with the vitamin E fraction obtained by the adsorption technique. We are, of 
course, not dealing here with the main bulk of “sterols” which are removed by 
cooling the methyl alcohol solution in the early stages of fractionation, or with 
those found in the upper part of the adsorption column. We are considering only 
those closely associated with the vitamin fraction. 

One that can sometimes be separated in part by freezing the methyl alcohol 
solution of the fractions or can also be obtained from the digitonide precipitate 
has M.P. 156° and [«]3 (alcohol) —18°. The relatively small quantities we have 
handled can be recrystallized many times from methyl and ethyl alcohols with- 
out change of M.P. or rotation, but fractionation of the 3:5-dinitrobenzoate 
showed that it was not homogeneous. Two nitrobenzoates were obtained: 

(a) Less soluble. m.p. 202-203°. [«]}° chloroform —7-2°. (Found: C, 70-9; 
H, 8-5; N, 487%. Required for C,,H;,0,N,: C, 70-9; H, 8-25; N, 462%.) 

On hydrolysis this gave a crystalline sterol, M.p. 141-142°. Analyses of the 
free sterol also correspond with C,,H,,O. Its colour reactions and general 
behaviour indicated that it was one of the sitosterols. 

(6) More soluble. 3:5-Dinitrobenzoate melted at 180-—-182°, showed [a]?” 
chloroform +15-7. (Found: C, 70-93; H, 8-32; N, 494%. Required for 
CsgHsp90.No: C, 70-9; H, 8-25; N, 4-62%.) 

On hydrolysis it gave a “sterol”, CogH4g¢44)0, M.P. 156°, but the amount was 
insufficient for satisfactory purification. The I.v. was 206, corresponding with 
three ethylenic linkages. The colour reactions were similar to those of sitosterol. 


** Sterols” from digitonide precipitation 


After removal of as much of the “‘sterols” as is possible by cooling alcoholic 
solutions another fraction can be separated by precipitation with digitonin. 
When carried out in fairly concentrated solution this procedure gives a digitonide 
which on resolution yields a soft waxy material, usually melting between 90 
and 100°, and showing [«]%° (alcohol) between +10 and 25°. On fractionation 
from methyl alcohol solution this is fairly readily separated into two main 
fractions. The less soluble melts at 156°; [«]7°+9-7°. It may be the compound 
described by Fernholz and Wallis [1936] as «,-sitosterol. The more soluble 
fraction yields the “‘new sterol” we described previously [Drummond e¢ al. 
1935, 2]. It is characterized by the curious behaviour on crystallization to 
which we then drew attention. It seems highly probable that it is the compound 
described recently by Karrer & Salomon [1937] to which they gave the name 
a-tritisterol. The properties are compared below: 


Our “new sterol” (1936) «-Tritisterol (1937) 


M.P. 105-106° 114-115° 

[x]p +58-5 (benzene) +54-3 (alcohol) 
M.P. acetate 98-100° 107—108° 

[«]p +65-7 (benzene) +70-4 (chloroform) 


The colour reactions of both compounds are similar and recall those of 
lanosterol. The probability is that our material was an impure preparation of 
«-tritisterol—we had very small amounts to handle—although there are two 
rather serious discrepancies. Karrer & Salomon found the analytical data of 
a-tritisterol to agree with C,,H;,0; we believed our compound to be C,9H,,O,, 
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or, according to later analyses, C,,H;,0,. Another disagreement is the M.P. of 
the 3:5-dinitrobenzoate which Karrer & Salomon find to be 182° and which we 
recorded as 156-158°. It certainly has only one reactive hydroxyl group. The 
description of Karrer & Salomon’s f-tritisterol arouses suspicions that it may be 
an impure preparation of the «-compound. We found our “new sterol” to be 
inactive as a source of vitamin E. 


Kimm’s crystalline naphthoate of vitamin E 


Kimm [1935] described the isolation from rice germ oil concentrates of four 
crystalline «-naphthoates. Two of these on hydrolysis gave materials having 
“strong activity” in vitamin E tests. By closely following his description we 
were able to prepare the compound, m.P. 158°. Its analysis agrees with the 
figures published by the Japanese authors. (Found: C, 84-92; H, 9-77%. 
Cy pH5,402 requires C, 84-8; H, 9-54%.) 

The ‘‘sterol” from the naphthoate, probably C.gH,,0 or perhaps C35H;90, 
showed no selective absorption in the ultraviolet and did not prove curative in 
doses up to 3-5 mg. Kimm reported that a single dose of 0-5 mg. restored 
fertility in 5 rats. We did not investigate this “‘sterol’’ further, but its colour 
reactions do not suggest that it is «-tritisterol. 


Vitamin E fractions 


Treatment with cyanic acid. Several attempts were made to apply to material 
such as is described on p. 1854 the process for the separation of the allophanates 
of «- and £-tocopherol, successfully used by Evans et al. [1936]. Although we 
followed this method as closely as we could the results were without exception 
disappointing. The crude benzene-soluble allophanates recrystallized from 
methyl alcohol gave two fairly satisfactory crystalline products. One, similar to 
that described by the American investigators, usually melted about 255°. They 
suspected it was the allophanate of B-amyrin, a substance which we had pre- 
viously shown to be associated with the vitamin fraction [1935, 1]. Until quite 
recently we were inclined to doubt whether this was so, because we failed to raise 
the M.p. to that of the allophanate of B-amyrin, 266° [Drummond & Hoover, 
1937]. This allophanate, once it is separated, proves to be curiously little 
soluble in most of the common solvents and, moreover, it is rather slowly 
hydrolysed. Finally we were able to satisfy ourselves that our preparations were 
mixtures consisting of 8-amyrin allophanate and a relatively small proportion 
of another allophanate with M.p. 232°. B-Amyrin we can ignore as it is known to 
have no vitamin E activity. The second allophanate was constantly turning up 
as one of the less soluble fractions from methyl alcohol treatment of the crude 
preparations. It is interesting that Evans and his collaborators did not, appar- 
ently, find it for in our experience it was troublesome. On several occasions we 
thought we had isolated their «-tocopherol allophanate, for our crude pre- 
parations melted about 150°. When further purified the M.P. rose to 232° and no 
higher. On hydrolysis it yielded a “sterol” with the high M.p. of 233-234°; 
[%]p+39-8° in chloroform solution. With Liebermann-Burchard’s reaction it 
gave a golden brown darkening on standing and exhibiting a strong green 
fluorescence. Duplicate analysis of the “sterol” gave C, 84-65, 84-81 % ; H, 11-69, 
11-80%. This corresponds with C.,H;,0. It was biologically inactive. Having 
separated these two allophanates we did not anticipate any difficulty in 
obtaining the less soluble of the tocopherol allophanates, that of the «-com- 
pound, m.p. 158-160°. 
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Repeatedly, however, we failed to get it in a clean condition. Some of the 
preparations showed incipient melting at that temperature but none of them 
was satisfactory. As our material still contained substances showing general 
absorption in the ultraviolet which reduced the persistence of the 2960 A. band 
we decided to attempt their removal by distillation in high vacuum. This pro- 
cedure is believed to lower biological activity but it does not affect the spectro- 
scopic quality. A typical distillation is described. 3 g. of material regenerated 
from crude allophanates, after removal of those melting at 255 and 232°, were 
found to have £}*'2 2960 A. =52 and a persistence of 2-0. On distillation at 
0-0001 mm. it gave four fractions and a considerable proportion of high-boiling 
residue. : 7 . 
Fraction Temperature Wt. g. E}'!" 2960 A. Persistence 

I 150-160° 0-31 16 

I 160-180° 0-80 55 

Ill 180-190 0-50 51 

IV 190-215° 0-23 34 
Fractions II and III were reconverted into allophanates. By using very small 
quantities of solvent and great care in recrystallization we obtained about 90 mg. 
of a product melting at 136-138°, which appeared to correspond with the 
8-tocopherol allophanate described by Evans e¢ al. [1936]. Owing to the com- 
pound being so readily soluble in all the organic solvents tried the yield of 
purified material was very poor. On hydrolysis it gave a yellow oil showing 
E}*: 2960 A.=73-5 with a persistence of 8-5. Other values we have recorded 
are respectively 75 and 6-7. Several such preparations have been made but in 
no single case after distillation have we succeeded in isolating the «-tocopherol 
allophanate, M.p. 158-160°. Always the 8-compound, m.P. 138°, was obtained. 
The regenerated B-tocopherol analyses in conformity with the formula C.,H;,0,. 
(C, 80-60; H, 11-54%. Mol. wt. (camphor) 465. Required for C,,H;,0,: C, 
80-94; H, 11-62%. Mol. wt. 430.) All our preparations were optically inactive. 
Evans and his colleagues could not detect rotation when they examined the 
a-compound (allophanate). In the Liebermann-Burchard reaction it gives a straw 
colour which tends to darken on standing and which shows a rather strong green 
fluorescence. 

The 1.v., 147-170, suggest the presence of three ethylene linkages ; theoretical 
value 177. Biological tests are in progress. 

The apparent presence of two oxygen atoms in the molecule is a difficulty. 
We showed [1935, 2] that one is present as a non-phenolic and reactive hydroxyl 
group. Determinations of reactive hydrogen (Zerewitinoff) confirm the presence 
of one such grouping. (Found: H, 0-27 and 0-30 %.) The other oxygen atom is 
certainly not ketonic. It may therefore possibly be present as an ether linkage." 


Hydrogenation of E fractions 


In one previous communication [Drummond et al. 1935, 2] we reported that 
hydrogenation in the presence of platinum oxide catalyst reduced the 1.v. of 
vitamin fractions with values of E}%° 2960 A.=55, from about 170 to 55. The 


reduction proceeds with difficulty and is slow at room temperature. The reduced 


1 Since this paper was prepared for publication we have seen the communication of Fernholz 
[1937] in which evidence for the ester nature of «-tocopherol is advanced. It is probable that 
the duroquinone isolated by this investigator from the products of thermal decomposition of 
tocopherol arises by rearrangement of molecular fragments. If tocopherol is an ester of duro- 
quinone the attached grouping C,,H,, must be of such a character as to give a surface area of 
65 sq. A.; about twice that of the quinone itself. 
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material rather surprisingly showed the same spectroscopic properties as the 
original substance and was equally active in biological tests. In the present study 
we reduced a distilled 8-tocopherol concentrate, E}* 2960 A.=55, persistence 
4-7. At three atmospheres pressure and with frequent changes of catalyst it 
required 3 days at room temperature to carry the reduction to the stage when 
the I.v. was 52; this corresponding to one ethylenic linkage. The reduced material 
was asoft waxy solid. From methyl alcohol solution on cooling at 0° five fractions 
of crystalline material were separated. All softened at room temperature to a 
waxy consistency. The spectroscopic examination gave the following results. 


Fraction Wt. mg. Eile 2960 A. _ Persistence 
1 28 48 3 
2 66 44 3-7 
3 113 52 6-5 
4 66 55 7 
5 175 5 4:8 





Fractions 3, 4 and 5 were united, 350 mg. in all, and 150 mg. were converted 
into allophanates. Two main crystalline fractions were separated from methyl 
alcohol solution. The less soluble 40 mg. melted at 230° and appeared to be 
identical with that described on p. 1856. The next weighed 55 mg. and melted 
sharply at 138°. On hydrolysis the latter gave 48 mg. of B-tocopherol showing 
E\*: 2960 A.=79, and a very high persistence (Fig. 1). The 1.v. was 149. This 
indicates that the tocopherol itself had not been reduced and that the uptake 
of hydrogen had been mainly by other substances present. This explains the 
survival of the selective absorption and biological activity after hydrogenation 
in earlier experiments. 

The mother-liquors yielded a curious waxy product showing no selective 
absorption in the ultraviolet. It may be the allophanate of partly reduced toco- 
pherol but it has not been fully éxamined yet. The product yielded on hydrolysis 
is very slightly soluble in the common organic solvents. 

Our failure to isolate from distilled material the «-tocopherol allophanate is 
curious. We followed very closely the details of the experiments of Evans et al. 
but without success. On the other hand, we have several times prepared what 
appears to be the pure allophanate of the B-compound, m.P. 138°. There is one 
possible explanation. In our earlier work we found reduced biological activity 
after distillation in high vacuum and this has also been the experience of other 
workers. Evans et al. believe B-tocopherol to be less active than the «-compound. 
It is possible therefore that during distillation a conversion of «- into B-toco- 
pherol occurs. This would explain the lower biological activity of distilled material 
and also our failure to isolate the allophanate of the «-compound. 

It is interesting to compare the properties of our preparations of 8-tocopherol 
with those of «-tocopherol regenerated from a specimen of 60 mg. of the allo- 
phanate which Dr O. H. Emerson very kindly sent us. As his preparation melted 
rather indefinitely between 156 and 159° it was recrystallized from methyl 
alcohol. Two fractions were obtained. The less soluble melted at 157-159°, the 
second at 152-154°. Both seemed to contain a small trace of oily material. On 
hydrolysis pale yellow oils were obtained which gave on spectroscopic ex- 
amination £}°e 2960 A. =75, persistence 7-5 (solvent ethyl alcohol). Evans et al. 


1 cm. 


[1936] state that the value of EZ}: 2960 A. for their preparations of the x-com- 


1 Dr O. H. Emerson most kindly sent us additional and very detailed information regarding 
their method of preparing and fractionating the allophanate. For this assistance we are very 
grateful. 














VITAMIN E 1859 


pound is 90+ 10. In a private communication from Dr O. H. Emerson measure- 
ments on «-tocopherol made by Dr T. R. Hogners of the University of Chicago 
were given. These show E!°* 2960 A.=73 (solvent isooctane). The accom- 
panying letter, 15. ii. 37, states ““His apparatus is better than ours, and his 
results are probably more trustworthy.” 

The alcohol we have isolated from «-tocopherol allophanate appears similar 
to that from the f-allophanate. This confirms the findings of Evans et al. Once 
again we found the figures for C to be low for the provisional formula C,,H,,0,. 
One oxygen is present as a reactive hydroxyl group. It forms mono-derivatives 
and takes up 2 mol. of cyanic acid to form an allophanate. This is confirmed by 
estimations of active hydrogen by Zerewitinoff’s method. Methane corre- 
sponding to approximately 0-3°% of hydrogen is liberated. The 1.v. 170, corre- 
sponds to three ethylenic linkages. Measurement of hydrogen absorbed with 
platinum oxide as catalyst indicates the presence of three, or possibly four, 
double bonds: 

(a) 4-68 mg. absorbed 1-025 ml. H,, 759-25 mm. and 19-8°.1 
(6) 2-48 mg. absorbed 0-565 ml. H,, 757 mm. and 19-8°. 

The material reduced in these quantitative experiments showed no selective 
absorption when spectroscopically examined. The disappearance of the band, 
which is probably due to saturation, tends to confirm our belief that the survival 
of selective absorption in other reduced preparations was due to preferential 
reduction of substances accompanying the tocopherol. This point requires 
further study. 

Dr Danielli has very kindly examined the surface spreading properties of 
our purest material for us. His measurements agreed with those made by Dr 
Askew on our earlier and less pure preparations [1935]. He has also spread it 
upon V/100 neutral potassium permanganate and finds that the film is rapidly 
oxidized to a stage beyond which further oxidation is very slow. This second 
film which establishes itself after a few seconds is very stable and tends to a 
limiting area of 80 sq. A., as compared with about 65 sq. A. for the original 
tocopherol. The surface potential is lower for the new film. He comments on 
these observations as follows: ‘‘There are two possible reactions involved, either 
oxidation of CHOH to CO, or else oxidation of a double bond. The latter is 
much more probable owing to the low surface potential. The double bond will 
be at least 3 A. from the original hydrophilic area. One cross-section of the 
vitamin must therefore be at least 80 sq. A., and the other less than 60 sq. A. 
This is compatible with a sterol or similar structure.” If there is a sterol-like 
nucleus then there is almost certainly a fairly long side chain because of the 
behaviour with permanganate. We have already suggested [1935, 2] that the 
molecule probably has a long, unsaturated side chain. 

The preparation of tocopherol by the formation of the allophanates is not, 
in our experience, a very practicable method because of the high losses. This is 
also apparent from a close study of the paper by Evans ef al. whose yields were 
very poor. If one closely follows their procedure it will be found that a very 
large proportion of the substance showing selective absorption at 2960 A. 
remains in the original methyl alcohol mother-liquors. The solubility in organic 
solvents is unexpectedly high and on the small scale on which we were obliged 
to work it is difficult to obtain enough crystalline material for adequate purifi- 
cation. 


1 These estimations were carried out for us by Prof. I. M. Heilbron, to whom we are very 


grateful. 
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THE general object of this series of investigations is the study of the constituents 
of cow’s milk by means of dialysis. It has already been shown that standard 
conditions must be observed during the dialysis and that, of the factors in- 
vestigated, acidity of the milk is of distinct importance [Lampitt & Bushill, 
1934]. As an example, it has been shown that an increase of titratable acidity 
(calculated as lactic acid) from 0-14 to 0-39 % results in an increase of the amount 
of dialysable Ca from 32 to 49%, and of dialysable inorganic P from 34 to 45%. 
(The amounts are calculated on the amount of Ca and P present respectively in 
the milk.) It is therefore impossible to compare the results of one worker with 
those of another, for, even where the titratable acidity of the milk has been 
recorded, no data exist by which a correction can be applied to the figures given 
for the various dialysable constituents. Consideration of the problem shows 
that comparison may possibly be achieved by one of two procedures, namely 
(1) the use of a factor, obtained experimentally, by which an “acidity” 
correction could be applied to determined values or (2) the adjustment of 
the milk, previous to dialysis, to a predetermined standard titratable 
acidity or pH. The first suggestion implies that all milks react similarly on 
acidification in respect of the dialysable constituents, while the second implies 
that the “acid effect” is reversible. This reversibility would of necessity be such 
that a sour milk, brought back by alkali to its original pH, yields, on dialysis, 
results similar to those obtainable previous to the souring. This second procedure 
has been studied in some detail in respect of Ca, Mg and P. 

It will be noted that Mg has been added to the list of constituents previously 
studied. In comparison with the amount of data available relating to Ca and P 
that concerned with Mg is very small. Van Slyke & Bosworth [1916] have shown 
that the total Mg content of milk varies far more than does that of Ca, and as the 
result of a series of determinations they report that the Mg in the serum from 
milk may vary from 54 to 91% of the total amount present. The presence of 
Mg, either as a colloidal phosphate or in other combination, complicates any 
conclusions to be drawn from studies of the inorganic constituents.! 

During the course of the investigation several points of interest have been 
studied. The keeping of milk for considerable periods, with the addition of 
a “preservative” which would not react with the dialysable constituents or 
modify the course of dialysis, has yielded interesting results regarding changes, 
at 0-5° in the presence of chloroform, attributable to bacteria and to enzymes. 

The effects of lactic and sodium ions in certain concentrations on the dialys- 
able constituents have been studied and points of interest regarding the 
instability of the equilibrium of the salts of milk have been indicated. 

1 For example Ling [1936] attributes to Mg certain discrepancies in the results obtained by 
him using a method for the determination of Ca,PO, in milk. 
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It would be possible to draw general conclusions from the mass of results 
obtained in these dialysis studies (results reported in these communications are 
only examples selected from a number of similar experiments) and to formulate 
a scheme for the actions which take place on agitating, on acidifying and on 
neutralizing acidified milk. The authors, however, prefer to await the conclusion 
of work in hand concerned with the other inorganic constituents and with the 
various types of nitrogenous bodies present. The authors believe that the state- 
ment of Allen [1931] made 6 years ago can be applied to a large proportion of 
the work published during the intervening years “...a great deal (of the data) 
has been compiled with too little regard to the possible experimental error”. 
In this series of communications the reliability of every method of analysis used 
has been tested and the experimental error is known. 


Section I. GENERAL PROCEDURE 
(a) Materials used 


Fresh, raw milk, separated at room temperature by means of a Sharples 
super-centrifuge, and “solutions” of separated milk powder have been used 
in this work. The general procedure has been to carry out tests initially on 
separated milk powder ‘‘solution”’, whereby repetitive experiments have been 
possible thus allowing the technique to be standardized before applying it to 
fresh, raw, separated milk.1 (Results of the analyses of the milk-powder 
“solutions” and of the milks used are given in Table X.) 


(b) Method of varying the acidity 


Increasing acidity of the milk has been obtained by “natural” souring and 
also by additions of lactic acid. Reduction of acidity has been obtained simply by 
adding NaOH solution, a test having indicated that lactate and Na ions, present 
under the conditions of the experiment, have no influence on the Ca, Mg and P 
equilibrium (see para. (f)). 

(c) Method of dialysis 


In order to reduce to a minimum the dilution effect, the importance of which 
has already been demonstrated [Lampitt & Bushill, 1934], the “static’’ method 
of dialysis previously described [1933] has been employed. In this method 25 ml. 
of distilled water are dialysed in a collodion thimble against 900 ml. of milk 
for 2 days at 0-5° after which period, as previously shown, the system reaches 
equilibrium. The dialysable constituents must of necessity become diluted 
during the course of any dialysis, a factor which itself affects the salt equili- 
brium. The “static” dialysis method employed in this and previous investi- 
gations results in a minimum of dilution (normally from 900 to 925 ml.) and a 
suitable correction is applied to the figures obtained by analysis of the dialysate 
in order to calculate the corresponding concentrations in the milk itself. The 
effect of this dilution on the salt equilibrium has been found to be negligible. 


(d) Methods of determination of Ca, Mg and P 


The determination of P [1934] was carried out on one sample; Ca and Mg 
were determined on a second. For the determination of these metals 20 ml. of 


1 Both milk and milk powder (made by the Milkal process) have been obtained by the courtesy 
of Messrs United Dairies. 
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milk or 30-40 ml. of dialysate are required. The sample is reduced to an ash 
which is subsequently dissolved in HCl. From this solution Ca is precipitated as 
oxalate at pH 3 [1934]. The resulting filtrate and washings are reduced to an ash 
in the presence of 2 ml. 10 N H,SO, (which prevents decrepitation) and the ash 
dissolved in 20 ml. N/10 HCl. 1 ml. of this solution is used for determination of 
Mg [Bushill e¢ al. 1937]. The experimental error of the methods of determination 
of total P, inorganic P, Ca and Mg has been found to be of the order of 2%. 


(e) Acidification with lactic acid 


It was considered possible that additions of lactic acid to milk might, to 
some extent, result in localized acid effects, a condition which would not occur 
during gradual acidification by “natural” souring. It was desirable therefore 
to obtain some indication as to whether the final salt equilibrium would be 
appreciably influenced by such localized effects. In separate experiments lactic 
acid was added (1) as a weak solution (to minimize localized effects) and (2) as a 
strong solution in total amounts equivalent to those in (1) (to accentuate 
localized effects). 

The details of these solutions given in Table I are self-explanatory: milk 
powder solution (sample a) was used. 


Table I. The addition of increasing amounts 
of lactic acid to milk 








Method I. Using dilute lactic acid solution Method ITI. Using strong lactic acid solution 
c # a r Ne \ 
Milk powder Lactic acid Milk powder Lactic acid 
(approx. (approx. (approx. (approx. 
18%) 0-5%) 9%) 10%) 
solution solution Water solution solution Water 
ml. ml. ml. ml. ml. ml. 
500 + ( 0 + 500) 1000 + (0 - 20) 
500 + (100 + 400) 1000 ~ (5 - 15) 
500 + (200 + 300) io + de + i 
500 + (300 = 200) 1000 - (15 ~ 5) 
500 + (400 + 100) 1000 - (20 0) 


Each solution was dialysed in the usual manner and the dialysable Ca, 
total P, inorganic P and organic P (by diff.) determined. The results (see curves A 
and B, Figs. 1 and 2) show the effect of increasing titratable acidity’ on these 
constituents. 

The similarity of these two curves indicates that, in so far as the dialysable 
Ca and P are concerned, there is no particular virtue in mixing, with agitation, 
dilute lactic acid with a strong solution (18%) of milk powder rather than a 
strong solution of the acid with milk of 9% total solids content. The value of 
this result lies in the fact that only the second method could be used in the case 
of fresh milk without introducing undesirable dilution effects. 


(f) The effect of lactate and of Na ions 


Raw, separated milk (sample c) was shaken with and without the addition 
of sodium lactate, the amount of that salt being equivalent to the acid necessary 
to raise the titratable acidity to approximately 0-30%. 

1 Titratable acidity, in the course of this paper, is expressed as % lactic acid and has been 
determined by titration of 50 ml. of the solution with N/10 NaOH (2-5 ml. 1% phenolphthalein 
as indicator). 
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Milk-powder solution 


Sample (a): 
Curve A. Effect of increments of added lactic acid as a weak solution (cf. Method I, Table I). 
Curve B. Effect of increments of added lactic acid as a strong solution (cf. Method II, Table I). 

Sample (6): 

Curve C. Effect of increments of added lactic acid as a weak solution (cf. Method I, Table 1). 

Curve D. Effect of increments of added alkali (NaOH) to acidified solution (approx. 0-36% 
titratable acidity) 20 hr. after acidification (cf. Table III). 

Curve E. Effect of increments of added alkali (NaOH) to acidified solution (approx. 0-36% 
titratable acidity) 24 hr. after acidification (cf. Table II). 

Curve F. Effect of increments of added alkali (NaOH) to acidified solution (approx. 0-36% 
titratable acidity) immediately after acidification (cf. Table ITI). 

Sample (h): Raw, separated milk 
Curve G. Effect of acidification by “‘natural’’ souring followed by increments of added alkali 

(NaOH) (see Table IX, B). 





DIALYSIS OF MILK 1865 


The figures given in Table II demonstrate that the effect of the sodium 
lactate was negligible in respect of the dialysable constituents studied. 











Table IT 
Time of shaking ... 0 days 14 days 
Milk Dialysate* (%) Milk Dialysate* (%) 
Titratable os Titratable ———A~——____, 
acidity Org. Inorg. acidity Org. Inorg. 
% P y Ca Mg % re P Ca Mg 
I. Milk 0-14 9 41 31 63 0-15 7 41 31 52 
II. Milk + sodium 0-14 8 40 32 62 0-15 9 42 32 50 
lactate 
Time of shaking ... 14+ 14 days 
Milk Dialysate* (%) 
Titratable ——- ‘ — 
acidity Org. Inorg. 
% P P Ca Mg 
I. Milk 0-15 4 41 30 42 
II. Milk +sodium 0-16 5 42 32 44 
lactate 


* In all tables and comments the P, Ca and Mg constituents of the dialysate are calculated 
as % of the total P, Ca and Mg present respectively in the original milk. 


(9) Effect of saturation of milk with chloroform 


It was found necessary, during certain experiments where milk had to be 
kept for considerable periods, to maintain the milk saturated with CHCl, at a 
low temperature (0-5°). This procedure was adopted after experiments had 
shown that under these conditions (1) the increase in acidity is reduced to a 
minimum, and (2) chloroform does not affect the results of dialysis. 


Section II. THE REVERSIBILITY OF THE ACID EFFECT (ADDED LACTIC ACID) ON 
THE DIALYSABLE CONSTITUENTS OF MILK-POWDER SOLUTION AND OF RAW MILK 


The main object of these experiments was to trace the changes in the 
amounts of the dialysable constituents under consideration with increasing 
acidification of the milk and with neutralization of that acidity, such neutraliza- 
tion being achieved in stages. At the same time the experiments were designed 
to give information on two further points: 

(a) The effect of the time elapsing between acidification and subsequent 
neutralization on the dialysable salts. 

(b) The effect of the time elapsing between neutralization and dialysis on the 
dialysable milk salts. 

(a) Milk-powder ** solution” 


A preliminary experiment, in which milk-powder solution was acidified with 
lactic acid and immediately neutralized, having shown that the amounts of the 
dialysable inorganic P and Ca did not revert to those of the untreated solution, 
an experiment was conducted in which milk-powder solution (sample 6) was 
acidified (to approx. 0-36% titratable acidity’), and then kept for different 
periods before being neutralized to different acidities. 


1 It should be remarked that the acidified milk was obtained in all cases without any pre- 
cipitation of casein. Indeed by slow development of acidity, during souring caused by bacteria 
at 0-5° and in the presence of chloroform, titratable acidity of 0-63% has been attained without 
such precipitations. All the inorganic P and Ca were then dialysable. 
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The method of acidifying the milk-powder solution and of neutralizing it 
subsequently is evident from Table III, while Tables [Va and 6 and curves C, 
D, E and F on Figs. 1 and 2, show results obtained (the curves are from a 
series of experiments different from those recorded in Tables IV a and 5). 


Table III. The addition of increasing amounts of alkali to acidified milk 


Acidified milk solution (cf. 
Method I, Table I) 


Fae eel 
Milk powder 


Lactic acid 


Alkali subsequently added 
Oo —— nn  e_, 








(approx. (approx. 
18%) 05%) N/2 NaOH 
solution solution solution Water 
ml. ml. ml. ml. 
500 + 400 0 + 100 
500 = 400 11-2 (=100 ml. 0-5% lactic acid) _ 88-8 
500 + 400 22-3 (=200 ml. 0-5 % lactic acid) a 77-7 
500 + 400 33-8 (=300 ml. 0-5 % lactic acid) + 66-2 
500 + 400 44-7 (=400 ml. 0-5 % lactic acid) - 55:3 
Table IVa. Effect of holding milk-powder solution in acidified condition 
Treatment of milk for different P eriods 
Titratable Period Milk 
acidity after held at Titratable Dialysate (%) 
acidification high acidity ———_—_, 
% acidity % Org. P Inorg. P Ca 
Untreated 0-16 8 36 34 
samples { 0-16 12 36 33 
0-21 4 min. 0-16 9 39 36 
0-21 24 hr. 0-16 ll 41 39 
0-21 48 hr. 0-16 ll 41 38 
0-36 4 min. 0-16 ll 42 40 
0-36 24 hr. 0-16 ll 42 41 


Table IVb. Effect of holding partly neutralized acidified milk- 
powder solution for different periods 


Treatment of milk 
Dias 





c ~ 
Titratable Period Period Milk 

acidity after held at held partly = Titratable Dialysate (%) 

acidification high neutralized acidity —_— 
% acidity days % Org. P Inorg.P Ca 
0-36 18 hr. 0 0-16 10 42 40 
0-36 18 hr. 2 0-16 9 42 42 
0-36 18 hr. 7 0-17 — 40 40 
0-36 7 days 0 0-17 10 42 42 
0-36 7 days 2 0-17 10 42 42 
0-36 7 days 7 0-17 8 42 43 


If the average of the % ofdialysable constituents (asshown in Tables IV a and 6) 
be calculated the following results : 





Table [Vc 
Dialysable constituents (%) 
=: ny 
Org. P Inorg. P Ca 
Original milk-powder “solution” 10 36 34 
Acidified and neutralized milk- 10 41 40 


powder “solution” 
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(6) Raw, separated milk 


Two samples of raw, separated milk (samples d and e) were acidified with 
lactic acid and then treated with NaOH. The volumes of acid and alkali were 
such that 1000 ml. of milk were eventually diluted to 1020 ml. These milks 
were dialysed. Analysis of the dialysates gave the results shown in Table V. 





Table V 
Titratable acidity of milks (%) 
ea Analysis of dialysates (%) 
After lactic cr ‘ ~ ~ 
acid and NaOH Total Inorg. Org. P 
Original additions = (by diff.) Ca Mg 
Sample d: 
0-15* 0-15 54 42 12 34 62 
0-35 0-15 53 43 10 37 63 
Sample e: 
0-14* 0-14 51 39 12 34 66 
0-367 0-14 51 40 11 37 67 
* Untreated. { Maintained 20 hr. in acidified condition. 


(c) Discussion of the results 


(i) Milk-powder “solutions”. Examination of the results obtained with 
milk-powder solution shows (Tables IV a, 6 and c) that neutralization of the added 
acid does not restore the dialysable Ca and inorganic P to the equilibrium 
obtaining before the addition of acid, for, after such neutralization, the amounts 
of dialysable Ca and inorganic P are appreciably higher than those obtained 
initially. 

Furthermore, this conclusion is not modified if the period during which the 
“solution’’ remains acid is extended to as long as 7 days or by keeping the 
subsequently partly neutralized liquid for 7 days before dialysis. Under the 
conditions of the experiment the dialysable Ca and inorganic P in the treated 
milk powder “solutions” (first acidified by lactic acid and subsequently treated 
with NaOH equivalent to the added acid) remained 6 and 5% respectively 
higher than in the untreated “solution”. (With milk-powder solution, sample a 
(Table VII), corresponding figures were 7 and 4%.) 

The change in dialysable Ca and inorganic P on acidification of the milk- 
powder solution, followed by neutralization shown as curves D, E and F on 
Figs. 1 and 2 (a separate series of experiments), confirms the conclusions drawn 
from the results shown in Tables IVa, 6 and c. Acidification and neutralization 
appear to effect no appreciable change in the amount of dialysable organic P. 

(ii) Raw, separated milk. In the case of raw, separated milk (Table V) it will 
be seen that the original °% of dialysable Ca is not regained after acidification and 
neutralization (it remains 3°% high) whereas the corresponding concentrations 
of inorganic P and Mg (also determined in these tests) are regained. 

The incomplete re-establishment of the salt equilibrium of milk by neutrali- 
zation of added acid is not surprising in view of the work of Holt e¢ al. [1925] 
who showed that a considerable period is necessary for the establishment of the 
phosphoric acid-calcium hydroxide equilibrium. They state that continuous 
shaking for 10 days results in the establishment of an equilibrium in that 
system which normally, in the absence of shaking, requires 2-3 months to 
become effective. 
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The experiments with milk, hitherto described in this paper, are concerned 
with the re-establishment of an equilibrium somewhat similar to that mentioned 
above, but in no case has a time greater than 9 days, the solutions remaining 
quiescent, been allowed for re-establishment of equilibrium. 

In view of this, experiments were instituted in which continuous shaking 
for 14 days was employed. 


Section III. THE EFFECT OF SHAKING (14 DAYS) ON THE SALT 
EQUILIBRIUM OF RAW, SEPARATED MILK 


Some evidence had been obtained that when separated milk was agitated a 
change often took place in the amounts of the dialysable Ca and P. Before 
proceeding therefore with experiments on the restoration of salt equilibrium 
of acidified milk in which agitation was employed, this phenomenon was 
investigated. A sample of raw, separated milk (sample f) was divided into 
three portions; the first portion was dialysed immediately, the second shaken 
in a glass container on a mechanical shaker (at 0-5°, in presence of CHCI,) for 
14 days and then dialysed, the third similarly treated except that 28 days’ 
shaking was given. Table VI gives results obtained typical of the majority of 
such experiments. It should be noted that shaking does not invariably cause 
such effects (Table IT). 


Table VI. Effect of shaking on the dialysable Ca and P of raw, separated milk 


Titratable Analysis of dialysate (%) 

acidity of : 

milk before Total Inorg. Org. P 

Treatment dialysis (%) r Y (by diff.) 
Not shaken 0-15 57 43 14 
14 days shaken 0-17 52 45 7 
28 days shaken 0-18 53 48 5 





It will be noted that the effect of shaking untreated, raw milk has been to 
increase the amount of inorganic P and to decrease the amounts of dialysable 
organic P and Ca, the last change being somewhat remarkable in view of the 
increase in titratable acidity. It appears that at least five possible reactions 
have to be considered : 

(i) The pure acidity effect (increase in titratable acidity from 0-15 to 0-18%, 
causing increases in both dialysable Ca and inorganic P. 

(ii) The decomposition of non-dialysable organic P compounds by bacterial 
action! which may result in increased dialysable organic or inorganic P. 

(iii) The action of phosphatase whereby dialysable organic P compounds 
are partly changed into dialysable inorganic P. 

(iv) The utilization by the bacteria present of organic and/or inorganic P, 
thereby reducing the amount of either or both dialysable forms. 

(v) The change of equilibrium of the Ca, P and Mg induced by the agitation 
of the liquid. 


1 Van Slyke & Bosworth have shown [1916] and it has been confirmed that in extreme cases 
of souring the whole of the Ca and P becomes soluble. Berggren [1932] finds that the casein of milk 
loses P on dialysis of milk. She does not state it specifically but it would appear that this was 
caused by bacterial action. On the other hand in the course of work on the action of B. subtilis 
on milk, results have been obtained (not yet published) which show that the protein precipitated 
from milk in which B. subtilis has been cultured is higher in P than normal, suggesting preferential 


attack on the non-P groupings of the protein. 
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The first four possible reactions could only reduce the amount of dialysable 
Ca in an indirect way, namely by increasing the amount of inorganic P with 
subsequent precipitation of calcium phosphate. This possibility has been partly 
investigated, but as yet with no positive results. It is concluded therefore that 
the fifth reaction, namely a change in salt equilibrium, is probably responsible 
for the decrease in the amount of dialysable Ca. 


Section IV. THE EFFECT OF 14 DAYS’ SHAKING, AT 0—5°, ON THE 
REVERSIBILITY OF THE “ACID EFFECT” (LACTIC ACID ADDITION AND 
NATURAL SOURING) OF MILK 


Separated milk-powder (9%) solution and raw separated milk were each 
acidified with lactic acid; other samples of raw separated milk were also 
acidified by “natural” souring. These milks were then neutralized with NaOH 
and shaken for 14 days with CHCl,. The additions of acid and of alkali were 
such that the milks were in all cases diluted only from 1000 to 1020 ml. 

(i) Milk-powder solution—acidified by added lactic acid. The results (Table 
VII), obtained with a solution of milk-powder (sample a), show that during the 
14 days’ shaking period no material change occurs in the untreated solution. 


Table VII. Milk-powder solution 
Initial After 14 days’ shaking 
at 


sp ach ay 
Milk Milk 
solution Dialysate (%) solution Dialysate (%) 
Titratable ——— Titratable oo 


acidity Org. Inorg. acidity Org. Inorg. 
% = P Ca M % r yr Ca Mg 


Untreated milk 0-16 7 38 32 2 0-16 9 38 33 62 


Milk acidified to 0-16 8 42 39 62 0-16 10 40 35 56 
0-36% _ titrat- 
able acidity and 
neutralized im- 
mediately 


The acidified and neutralized solution, however, shows an initial difference in 
dialysable constituents of 7 and 4% of Ca and inorganic P respectively (cf. 
Table IVc), while after 14 days’ shaking that difference is reduced to 2% in 
both cases. The dialysable Mg which remained unchanged in the first case, after 
the shaking treatment fell to 6% below the original figure. 

(ii) Raw, separated milk—acidified by added lactic acid. In view of the results 
recorded in Section III, it was decided, in this instance, to ensure that equili- 
brium be established by shaking acid-treated milk before the addition of alkali. 
The milk (sample f) was therefore shaken for 14 days with the added acid and 
for a further 14 days after the addition of the alkali. The results, which are self- 
explanatory, are given in Table VIII. 

(iii) Raw separated milk—acidified by “‘natural” souring. Raw, separated 
milk (sample g) was allowed to sour “‘naturally”, and samples of the original 
milk and of the final, soured milk dialysed. During the progress of the souring, 
samples were taken and adjusted to a titratable acidity of 0-13 % by the addition 
of NaOH. These partly neutralized milks were shaken for 14 days, dialysed and 
the dialysates analysed. Table IX,A records the results obtained. It will be 
observed that a preliminary 14 days’ shaking was not given as it was thought 
unnecessary in a case where acidity increased very gradually (souring). 
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Table VIIT 









14 days 
 sCgmenamman ea Ds aee are ee 
Milk Dialysate (%) Milk Dialysate (%) 
Titratable ———_~_————,_ Titratable 
acidity Org. Inorg. acidity Org. Inorg. 
9 r P 9 re P 


Period of shaking ... 0 days 








b Ca Mg % Ca Mg 
(1) Milk 0-15 14 43 40 62 0-17 a; é& -— = 
(2) Milk +lactic 0-20 14 49 42 73 0-22 ll 49 43 _— 
acid 
(3) = + lactic 0-30 13 58 60 83 0-31 13 56 60 — 
aci 









14 days 14+14 days 


Milk jasenscpensatiibanyh est nigtlacane tai tas timed 


Period of shaking 













Titratable 
acidity Milk Dialysate (%) 
to which Titratable —_—" 
adjusted acidity Org. Inorg. 
% % P ge Ca Mg 

(1) Milk _ 0-18 5 48 35 76 
(2) Milk +lactic acid 0-17 0-18 5 48 36 70 
(3) Milk +lactic acid a. 0-17 0-18 5 48 38 73 

b. 0-22 0-21 8 49 43 73 






Table IX 
After 14 days’ shaking 




















c ———s a 
Initial Milk 
#7 Titratable 
Milk acidity (%) 
Titrat- Dialysate (%) — Dialysate (%) 
able rere To , 
acidity Org. Inorg. which After Org. Inorg. 
% r P a Mg adjusted shaking P 5 Ca Mg 
A. Original milk 0-15 15 41 2 83 0-13 0-13 10 41 35 67 
Souring milk 0-18 — _ — — 0-13 0-13 9 41 35 67 
‘i 0-21 — -- — — 0-13 0-13 10 41 35 63 
99 0-26 —_— _ — — 0-13 0-15 9 41 33 65 
a 0-30 13 65 82 100 0-13 0-15 8 41 34 72 
B. Original milk 0-16 12 42 35 63 0-07 0-09 0 42 21 57 
0-09 0-11 1 43 24 57 
[ors 0-14 2 45 26 69 
Soured milk 0-21 8 50 42 73° «+ 0-13 0-15 3 46 28 61 





0-14 0-16 é 47 30 68 
0-15 0-16 3 46 29 68 





The same comments also apply to the next experiment (Table [X, B) in which 
milk (sample h) was allowed to sour in a similar fashion but was then neutralized 
to different acidities before the 14 days’ shaking. These results, obtained by 
analysing the dialysable constituents, are also recorded as curve @ on Figs. | 


and 2. 








Discussion of results 






The experiments conducted with shaking, in order to hasten equilibrium of 
the milk salts under investigation, have introduced a number of points which 
increase the difficulty of drawing concrete conclusions. The two chief difficulties 
are (1) the gradual development of acidity during the extended shaking period, 
although carried out at 0-5° and in the presence of chloroform, and (2) the 
decrease in dialysable organic P, presumably caused by phosphatase activity. 
These two effects were noted particularly when using fresh, or naturally soured, 
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raw milk; the former effect is minimized and the latter eliminated in a 
pasteurized milk. 

The gradual change in acidity will of course affect the dialysable inorganic 
constituents, thus complicating any reversibility test. For example, taking an 
increase of titratable acidity of 0-15-0-18 % (Table VI), on the basis of Figs. 1 
and 2, curves A and B, increases of 2 % of dialysable inorganic P and of 4% Ca 
should result; whereas the increase of inorganic P was 5% and the decrease of 
Ca 5%. 

It is not known how or whether the phosphatase activity affects the dialys- 
able inorganic constituents but, as previously mentioned, there is the possibility 
that it may cause an increase in dialysable inorganic phosphate which again may 
in turn affect the equilibrium of the dialysable Ca and Mg. 


Table X. Analyses of milk-powder solutions and raw separated 
milks used 


(All figures as % except pH) 
g P 


Milk-powder 
solutions Raw, separated milks 

a A 
a b 





d e f 
9-45 9-46 
9-42 9-42 
0-15 0-14 
6-77 6-87 
1-07 1-1 0-99 
0-72 0-74 0-66 
1-38 1-29 0-31 1-27 

— 0-130 0-128 0-117 


9-01 
8-93 
0-16 
6-50 


Total solids 

Non-fatty solids 
Titratable acidity 

pH (using glass electrode) 


_— _ Cale. as % of 
Ca B- + non-fatty 
Mg } solids 
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GENERAL CONCLUSIONS AND DISCUSSION 


The results recorded in this paper have all been tabulated suitably and there- 
from generalized conclusions drawn. 


(a) Shaking (14 days) milk-powder solution and raw, separated milk 
(at 0-5°, with CHC1;) 


This treatment has no effect on the dialysable constituents of milk-powder 
solution, but the amounts, both of dialysable Ca and of Mg, in raw, separated 
milk may be reduced. Furthermore, in the case of raw, separated milk the 
dialysable organic P is also reduced, not presumably through shaking, but as 
a result of some other factor, possibly phosphatase activity. 


(b) Acidification (by lactic acid) and neutralization (NaOH) with and without 
shaking (at 0-5°, with CHCl;) 


Acidification and neutralization of milk-powder solution result in higher con- 
centrations of dialysable inorganic P and Ca than in the original milk. When the 
milk is agitated the amounts of these two constituents are reduced, but even so 
they remain slightly higher than in the original milk, while the dialysable Mg is 
reduced to an amount well below that of the untreated milk. No change in the 
amounts of dialysable organic P was observed during the above treatments. 

In the case of fresh milk, the increased amounts of dialysable Ca, inorganic P 
and Mg caused by acidification are reduced by neutralization to quantities 
approximating to those of the original milk but, nevertheless, there is a tendency 

118—2 
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for the amount of dialysable Ca still to remain slightly high: agitation brings 
this nearer that of the original. The amount of dialysable organic P is unaffected 
by addition of acid and by subsequent neutralization but it is reduced during 
the shaking period, as was found with untreated raw, separated milk. 


(c) The effect of bacterial (“natural”) souring of raw, separated milk followed 
by neutralization and shaking (14 days) (at 0-5°, with CHCl;) 


No clear conclusions can be drawn from the results obtained under this 
heading. This might be expected, as “natural” souring is ill-defined and the 
effects will no doubt be dependent upon the type of organisms present. It can 
be said however that the results obtained show that after neutralization of the 
acidity and 14 days’ agitation the amounts of dialysable Ca, Mg and organic P 
were usually well below those of the original milk. 

If it be taken that the evidence presented is conclusive in showing that the 
shaking of milk causes a decrease in the amounts of dialysable Ca and Mg, it 
follows that mechanical treatment is capable of effecting a change in the salt 
equilibrium of milk. It may therefore be inferred that the salt complex in milk 
is normally in an unstable equilibrium, true equilibrium being approached by 
extended shaking. Moreover, it appears that the processes through which milk 
passes in the production of milk-powder stabilize the equilibrium so that 
mechanical agitation no longer changes the amounts of dialysable constituents. 

The incomplete reversibility, as regards dialysable inorganic P and Ca, by 
acidification and neutralization of milk agrees well with the above-mentioned 
hypothesis, as does also the conclusion that shaking aids in the reversion to the 
original concentration of dialysable constituents. 

Whilst it must be admitted that the dialysable Mg results do not, in every 
case, follow those of the dialysable Ca, as might be expected, it must be remem- 
bered that Ca is present in much higher concentration and that there must be 
some “‘competition’’ between Ca and Mg ions for the cation PO,=. Equilibrium 
between Mg and Ca, controlled to some extent by the relative solubilities of Ca 
and Mg phosphates, may itself be somewhat upset by acidification and neutra- 
lization. Furthermore, phosphatase activity, as mentioned earlier, may have 
some interfering effect by affecting the phosphate equilibrium. 

The reduction in the concentrations of dialysable Ca and Mg obtained when 
neutralized sour milk is shaken may be ascribed to the agitation which shifts 
the equilibrium beyond that existing in the original milk. 


SUMMARY 


1. Acidification with a relatively strong lactic acid solution has the same 
effect on the amount of the dialysable constituents as has the same amount of 
that acid added as a more dilute solution. 

2. The effect of neutralization by NaOH of such acidity may be studied, as 
Na and lactate in such concentrations have no effect on the dialysable con- 
stituents of milk. 

3. An approximately straight-line relationship exists between the con- 
centration of dialysable Ca and inorganic P of milk-powder solution and 
titratable acidity in the acidification stage, but neutralization of the added 
acid does not result in the original amounts of these dialysable constituents being 
regained. Furthermore, the length of time (up to 9 days) the milk is held at the 
high acidity does not affect this non-reversibility. The amount of dialysable 
organic P is not affected by these treatments. 
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4. Neutralization of acidified, raw, separated milk results in an almost 
complete recovery of the original amounts of dialysable Ca, Mg and inorganic P, 
although the figure for Ca remains slightly above the normal. 

5. Extended agitation (14 days’ shaking) has been found to: 

(a) Reduce the amounts of dialysable Mg and Ca and increase the amount 
of dialysable inorganic P in raw, separated milk. 

(6) Have no effect on these constituents in milk-powder solution. 

(c) Reduce these constituents in neutralized, acidified milk-powder solution 
and in similarly treated raw, separated milk. 

6. By its aid (shaking) an approximate reversibility of the dialysable in- 
organic constituents of milk-powder solution after acidification and neutralization 
may be obtained. In the case of raw, separated milk, shaking is not entirely 
necessary and in any case such a prolonged treatment introduces difficulties 
concerned with the control of acidity and with apparent phosphatase action on 
the dialysable organic P. 

7. A suggestion is made that the salt equilibrium of milk is normally unstable 
and that this equilibrium may be shifted by agitation of the milk. The treatment 
of milk in the preparation of milk powder appears to stabilize the salt equili- 
brium. 

8. Comparison of the results of the dialysis of milks of differing acidity is not 
possible by adjusting the milks before dialysis to a predetermined standard 
acidity, since the reactions caused by acid (e.g. incipient souring) are not strictly 
reversible. 

9. The following ranges of analytical figures (superseding previous results 
published by the authors) have been obtained to date on raw, pasteurized and 


dried, separated, “‘average” milks. 
Total Dialysable (as % 
% of total present) 


Inorganic P 0-63-0-77 33-43 
Organic P 0-31-0-38 7-15 
Ca 1-27-1-44 25-42 
Mg 0-10-0-15 62-83 


The amounts of the dialysable constituents have been determined by the 
“static” method under controlled conditions. 


The authors wish to thank J. Lyons and Co., Ltd., in whose Laboratories 
the work was conducted, for permission to publish, Mr A. T. S. Babb for some of 
the experimental results and Mr E. B. Anderson (United Dairies) for his help in 
obtaining samples of milk and milk powder. 
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DuRinG the past 3 years several methods have been proposed, and widely used, 
for the estimation of ascorbic acid in urine. They all depend on the reducing 
properties of ascorbic acid and are all non-specific. By careful limitation of 
conditions it is possible, with these methods, to exclude interference by a number 
of substances known to be present in urine and to reduce the reagents employed. 
There is, however, no proof that any of the methods is really estimating ascorbic 
acid, and the lack of unanimity among the various protagonists suggests that none 
of the methods, even with carefully defined conditions, is really specific. Indeed 
there is no complete proof that ascorbic acid is normally present in urine, though 
indirect evidence obtained by analysis of urine from normal and scorbutic 
subjects suggests that it is. However, attempts at biological identification have 
failed, though the failures may reasonably be attributed to toxicity on the part of 
the urine [Ahmad, 1936; Wieters, 1935]. More serious was the failure of Hinsberg 
& Ammon [1936] to isolate ascorbic acid from urine. They attempted to obtain 
it in the form of the 2:4-dinitrophenylhydrazine derivative of dehydroascorbic 
acid, and concluded, from their failure with normal urine and their success with 
added ascorbic acid, that urine could not contain, at most, more than 0-3 mg. 
ascorbic acid per 100 ml., i.e. less than a third of the amount indicated by 
titration with dichlorophenolindophenol. 

Some time ago two of us [Scarborough & Stewart, 1937] found that the 
indophenol-reducing substance in normal urine was partly, though not com- 
pletely, oxidized aerobically in the presence of the cauliflower hexoxidase 
described by Szent Gyérgyi [1928] and by Hopkins & Morgan [1936]. This rather 
strengthened the view that ascorbic acid is excreted normally, but did not 
amount to proof, since the enzyme has not been shown to be completely specific. 
It was therefore decided to attempt the actual isolation of a derivative of 
ascorbic acid from normal urine, obtained from persons receiving an ordinary 
mixed diet without ascorbic acid supplements. A preliminary note on this 
attempt, which was successful, has appeared [Stewart ef al. 1937]; while this 
note was in the press, a similar success was announced by Meuwissen & Noyons 
[1937] who used a very similar method. As, however, the identification of the 
isolated substance by the present authors seems to be more rigorous than that of 
Meuwissen & Noyons, and since another point of interest arose during the work, 
it seems desirable to give a fuller account of the work than is possible in the 
columns of Nature. 

1 In receipt of a part-time grant from the Medical Research Council. 
( 1874 ) 
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EXPERIMENTAL 
Isolation of 2:4-dinitrophenylhydrazine derivative of dehydroascorbic acid 


Freshly passed normal urine was mixed with sufficient A.R. oxalic acid to 
produce a concentration of 4% of the acid. 12 1. of the acidified urine were 
evaporated at atmospheric pressure in carbon dioxide to 2 1., a procedure which 
was shown by control experiments not to destroy ascorbic acid. The dark brown 
concentrate was kept overnight and filtered from the precipitated urea oxalate 
etc. The filtrate was cleared by two successive treatments in the cold with 25 g. 
of norite. This treatment removed no ascorbic acid, but oxidized it to dehydro- 
ascorbic acid. 

At this point it would have been possible to proceed with the removal of 
excess oxalic acid and the preparation of the 2:4-dinitrophenylhydrazine 
derivatives. As, however, it was desired to know the amount of indophenol- 
reducing substances present, the straw-coloured liquid was allowed to stand in an 
atmosphere of hydrogen sulphide for 48 hr. to reduce the dehydroascorbic acid. 
Hydrogen sulphide was then removed by a current of carbon dioxide. The excess 
of oxalic acid was precipitated by treatment first with a thin paste containing 
60 g. of calcium hydroxide and then, when the solution was nearly neutral, with 
solid calcium carbonate. The filtrate was then re-treated with hydrogen sulphide 
for 48 hr. to complete the reduction of dehydroascorbic acid. At this point 
indophenol titration, using the mercuric acetate treatment [Emmerie & van 
Eekelen, 1934], showed the presence of 5-7 mg. of reducing substances per 100 ml. 
of the liquid, which meant that little or no loss had occurred. In another 
experiment the initial indophenol-reducing power of the urine was measured, 
and an actual increase was found to occur during the concentration. This 
phenomenon is to be discussed elsewhere. 

Hydrochloric acid was added to the urine concentrate to make a 2-5N 
solution and N iodine solution was run in until a faint blue was given with starch, 
and any ascorbic acid had been completely oxidized to dehydroascorbic acid. 
The 2:4-dinitrophenylhydrazine was then added (16 g. in 500 ml. of hot 2-5N 
HCl) and the mixture was incubated at 40° for 4 days. After cooling for 24 hr. 
the reddish brown precipitate was filtered off, boiled with two successive lots of 
2-5. HCl to remove unchanged dinitrophenylhydrazine and then washed with 
warm water until the washings were no longer acid. The residue, dried in vacuo 
at room temperature, weighed 4-0 g. This was extracted in the cold with 2 1. 
of a mixture of equal volumes of absolute alcohol and dry acetone, and the 
insoluble residue was filtered off (it failed to dissolve in more fresh solvent). The 
filtrate was passed through a column of aluminium oxide (Merck, Standardisiert 
nach Brockmann), 14 cm. long and 3 cm. diameter, previously saturated with the 
mixed solvent (five such columns were used). The top of the column became 
brick-red and this narrow zone overlapped a broad dark purple zone, below which 
there were no further definite zones of adsorption, although the solution re- 
mained coloured. The chromatogram was developed with acetone, until the 
liquid passing through was colourless; the two zones were fairly well differ- 
entiated, but did not separate completely. The whole of the coloured aluminium 
oxide was extracted with hot glacial acetic acid, the eluate was concentrated 
in vacuo and kept overnight. The purple precipitate was filtered off, washed with 
water, dried and weighed (1-4 g.); a second crop (0-35 g.) was obtained by 
further concentration of the filtrate. Only a smal] amount of these precipitates 
dissolved in alcohol-acetone. The acetic acid mother-liquor was poured into 2 vol. 
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of water, and the immediate reddish precipitate (0-85 g.) was filtered off. On 
standing for 3 days a further precipitate (0-42 g.) was obtained. These two 
precipitates dissolved readily, but not completely, in the acetone-alcohol 
mixture. 

The acetone-alcohol extracts from all four precipitates were combined and 
readsorbed on aluminium oxide. Again two zones were formed, a narrow red 
one at the top of the column, and a broad purple zone below and contiguous 
with it. These two zones, after development with acetone, were separately 
extracted with glacial acetic acid. The two eluates were treated separately with 
2 vol. of water, and the flocculent reddish brown precipitates were filtered off 
after 3 days. The two precipitates were (separately) dried, dissolved in acetone- 
alcohol mixture, and passed through columns of aluminium oxide. In the case 
of the fraction derived from the upper, red, zone of the previous chromatograms, 
there were again two zones, but the lower, purple one was very small. The eluate 
from the purple zone now gave a very narrow upper red zone. The two purple 
zones from this set of chromatograms (the third) were combined and eluted with 
glacial acetic acid. As before, water was added to this eluate and the precipitate 
(which appeared only on standing) was dried, weighed (0-118 g.), dissolved in 
alcohol-acetone and once more adsorbed on aluminium oxide. The very narrow 
reddish zone at the top of the column was discarded, and the broad purple zone 
below it was extracted with glacial acetic acid. Water precipitation of this eluate 
yielded 65 mg. of precipitate. 

This material was crystallized from a small volume of hot glacial acetic acid. 
It was not completely soluble, a small amount of an aluminium salt remaining 
undissolved. The substance deposited from the hot acetic acid on cooling was 
crystalline. A drop of the solution, on spontaneous evaporation, left rosettes of 
very small needles (Pl. VI, fig. 1a) identical with those similarly obtained from the 
2:4-dinitrophenylhydrazine derivative of dehydroascorbic acid (Pl. VI, fig. 1). 
Heated in a capillary tube it melted at 269-271° (decomposing sharply at 271°). 
The “‘synthetic” substance, prepared from pure ascorbic acid, melted at 270-272° 
(decomposing at 272°) and there was no depression when the two were mixed 
(270-272°). 

After recrystallization of the urine derivative from acetone-alcohol, the M.P. 
rose to 279° (decomp.). The “synthetic” substance, similarly recrystallized, 
melted at 280° (decomp.), as did a mixture of the two. Herbert et al. [1933] 
describe two 2:4-dinitrophenylhydrazine derivatives of dehydroascorbic acid, 
prepared by the interaction of the components in 2-5 N HCl at 70°. One, obtained 
when the reaction mixture was momentarily made alkaline before addition of 
the hydrazine, melted at 268°; the other, without use of alkali, melted at 280° 
after recrystallization from alcohol-acetone. We have used both methods, but 
found no difference in the ultimate melting points of the purified products. 

The crystalline forms of the two substances were identical, fine needles often 
in sheaves or clumps. By slow evaporation of a solution in nitrobenzene, both 
appeared in long fine red needles, sometimes forming sheaves or clumps (PI. VI, 
fig. 2a and b). 

The yield of the purified substance was 20 mg. 

The substance from urine contained 20-52% N by micro-Dumas; that pre- 
pared from pure ascorbic acid contained 20-56%. The calculated figure for 
C,H,0,[:N .NH.C,H,(NO,)o]o is 21-00 % N. 

With conc. H,SO,, both substances gave a deep red coloration, changed to 
salmon-pink by dilution with water and to a reddish purple following a transient 
blue on making alkaline with NaOH. The colour faded to yellow in 5-10 min. 
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Fig. 2a. From urine. 
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The purple colour with alkali was given without previous treatment with 
H,SQ,. 

Examined through a hand spectroscope, both substances in dilute acetone 
solution showed a broad diffuse absorption band in the green extending from 
below the E line to above the 6 line. Several other red dinitrophenylhydrazine 
derivatives (e.g. those of furfuraldehyde and salicylaldehyde) showed absorption 
in the visible spectrum but nearer the blue (above 6). 

In further support of the identity of the “‘synthetic’” hydrazone and that 
from urine, the distribution between two immiscible solvents was determined. In 
each case exactly 1 mg. of the substance was dissolved in 5 ml. of nitrobenzene, 
and the solution repeatedly shaken with 5ml. of aqueous acetic acid (75% by 
weight of acetic acid). After standing overnight in the dark, the corresponding 
layers were compared by means of a Pulfrich photometer using a 0-5 cm. cell 
and an § 53 filter. The corresponding layers contained identical concentrations, 
as is shown by the photometer readings (no attempt was made by use of standard 
solutions to convert these figures into actual concentrations). 

E 
E Substance 


Substance from pure 
from urine ascorbic acid 


Water-acetic acid layer 0-259 0-263 
Nitrobenzene layer 1-45 1-45 


Isolation of an unidentified 2:4-dinitrophenylhydrazone 


Acetic acid elution of the final chromatogram in the isolation of the ascorbic 
acid derivative gave a solution which, on addition of water, gave a precipitate 
(weighing 65 mg.) from which the ascorbic acid derivative was isolated. This 
precipitate appeared after 3 hr. When the mother-liquor was kept 3 days longer, 
a further precipitate, much more definitely red, had appeared. This weighed 
32 mg. Crystallized from glacial acetic acid it formed dark red micro-crystals 
which melted sharply at 221°. Recrystallization from acetone failed to raise the 
M.P. About 10 mg. of purified material were obtained. (Found: N, 20-01% by 
micro-Dumas.) Although obtained from the same chromatogram zone as the 
ascorbic acid derivative (and on readsorption forming a similarly placed purple 
zone) it seemed not to be merely an impure specimen. Thus: it depresses the 
M.P. of the pure ascorbic acid derivative; it gives a yellow colour with conc. 
H,SO,, changing to a pure violet with NaOH; it absorbs in the green and blue 
of the visible spectrum, the band extending from the £ line to above the F; 
and the crystalline form is different. 

It was tempting to suspect that it might be the 2:4-dinitrophenylhydrazine 
derivative of reductic acid, which, according to Meuwissen & Noyons [1937], 
melts at about 225°. This substance, however, on the basis of the formula for 
reductic acid suggested by Reichstein & Oppenhauer [1933], should contain 
23-7 % N. A closer agreement with the figures is given by furfuraldehyde 2:4-di- 
nitrophenylhydrazone which is dark red, melts at 222° and contains 20-29% N 
[Simon, 1932]. This substance could conceivably be formed from pentoses during 
the preliminary concentration of the urine, or even [Roe, 1936] from ascorbic 
acid itself. This possibility, however, was quickly disproved by the fact that a 
mixture of the two substances melted at 200°. Pyruvic acid 2:4-dinitrophenyl- 
hydrazone (M.P. 218°, 20-9% N) is yellow; the hydrazone of methylglyoxal, 
though red, contains 25-9°% N and melts at 298°; that of glucose (20-8 % N) is 
reported by Torres & Brosa [1933] to melt with decomposition at 238°. According 
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to Torres & Brosa, and to Brady [1931], «-hydroxyaldehydes do not readily 
react with 2:4-dinitrophenylhydrazine under the conditions we employed, and 
in-any case Meuwissen & Noyons [1937] have found that the hydrazones of 
lactose, galactose, glucose, glycuronic acid, dihydroxyacetone and glyceral- 
dehyde were not adsorbed in the same way as that of ascorbic acid. 

The substance must therefore remain unidentified until a repetition of the 
preparation has yielded enough for further investigation. The nitrogen content 
suggests that it is either a monohydrazone of a 3-carbon compound (among 
which the glucoreductone of von Euler & Martius [1933] remains a possibility) 
or a dihydrazone of a 6-carbon compound. Among the latter a polymeride of 
glucoreductone must be considered, and in view of the m.P. of the substance and 
its behaviour on adsorption, reductic acid cannot be entirely excluded in spite 
of the low nitrogen content. It is possible, too, that it may be another derivative 
of dehydroascorbic acid itself. 

SUMMARY 

From 12 |. of urine, 20 mg. of the pure 2:4-dinitrophenylhydrazine derivative 
of dehydroascorbic acid were isolated after repeated adsorption on aluminium 
oxide and crystallization from acetic acid and from acetone or acetone-alcohol. 

The substance was identified by crystalline form, M.P. and mixed M.P., colour 
reaction with sulphuric acid and with sodium hydroxide, absorption in the visible 
spectrum and distribution between two immiscible solvents. 

A second hydrazone, similarly adsorbed, has been isolated, but not yet 
identified. 


The expenses of the work were partly defrayed by a grant from the Moray 
Research Fund of this University, hereby gratefully acknowledged. 
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BREAD made from wheaten flour and yeast is one of the most widely distributed 
forms of food. With the possible exception of rice and maize it enters into the 
diet of more people than does any other single foodstuff, and in many cases, 
owing to its cheapness and high calorie value, it is the chief constituent of the 
diet. This being so, it is natural that the question of its nutritive value should be 
a matter of importance. 

Whole cereals contain fairly considerable amounts of the B-vitamins, but 
as the germ and pericarp are relatively richer than the endosperm, and these are 
removed in milling, a great part of the vitamin value of cereals is lost. A high 
proportion of cereal products, poor in B-vitamins, may normally be supplemented 
by other foodstuffs in a varied diet, but in times of economic stringency, when 
satisfaction of the calorie requirements is the first consideration, these supple- 
mentary foods will be omitted, and a deficiency of B-vitamins may occur. 

Two conditions which have been shown to develop on cereal diets deficient 
in the B-vitamins are beriberi and pellagra, the first arising when there is a low 
intake of vitamin B, and the second when there is a low intake of some part of 
the vitamin B, complex. Although beriberi is in general associated with the 
eating of highly milled rice, which has been shown to contain little or no vitamin 
B,, and pellagra is associated with the consumption of maize, yet there are well- 
established instances of both these diseases occurring among those whose 
staple diet was white wheaten bread [see Siler e¢ al. 1913; Aykroyd, 1930]. This 
would seem to imply that white bread is not a good source of the B-vitamins, 
though the fact that these instances are relatively few would indicate that it 
may be a better source than some other cereal preparations. 

Observations such as these do not provide material for accurate deductions 
as to the adequacy of wheat products as a source of the B-vitamins for human 
beings, and it is obvious that the matter will not be determined until both the 
exact vitamin contents of breads and the human needs for the vitamins are 
known. 

The following work is an attempt to add a few facts to the above data. It 
cannot be regarded as complete or final, indeed during the course of the work it 
became apparent that a further differentiation of a supposedly simple member 
of the B-vitamin series into two factors had rendered at least a part of the work 
of doubtful use, but it is hoped that it may be a further step in the elucidation 
of the nutritive value of bread, a problem of major importance to a nation of 
bread eaters. 

MATERIALS 


Yeasts 


These tests for the B-vitamins in yeasts were made in order to discover if 
there were considerable variations in different samples of yeasts and also to see 
whether yeast would be a suitable material to use as a standard for the vitamin 
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B, complex and its constituents, flavin and factors other than flavin, since there 
are as yet no international standards for these vitamins such as exists for 
vitamin B,. 
The following yeasts were tested: 
Brewer's yeast (dry weight 20%) from Messrs Watney, Combe, Reid & Co. 
Baker’s yeast I (dry weight 27 %) Distillers’ Co. ordinary. 
Baker’s yeast II (dry weight 32 %) Distillers’ Co. reinforced with vitamin B,. 
Baker’s yeast III (dry weight 28 %) Distillers’ Co. green label. 


The baker’s yeast III contained 28-4% solids (dried at 37°) and 25-82% 
(dried at 100°). This and the other yeasts were fed after drying at 37°. 


Flours 


The flours tested were milled from two samples of blended wheats, which 
were obtained with the co-operation of Dr Kent-Jones of Dover. Their composition 
was as follows: 


Sample A. 25% No. 2 Manitoba Sample B. 12% Persian 
25% No. 5 Manitoba 20% No. 2 Manitoba 
50% Yeoman 12% No. 3 Manitoba 
37 % Plate 
19% Bohemian 


From Sample A were milled: 

(1) a wholemeal flour consisting of the whole grain; 

(2) a straight run flour consisting of 70-72 % of the whole grain. This flour 
could be taken as representative of that used in this country for making white 
bread. The sample was divided into two parts, one of which was untreated and 


the other was bleached with nitrogen peroxide. 

From Sample B were milled: 

(1) a straight run flour consisting of 70-72 % of the whole grain; 

(2) a patent flour; this was what is commercially known as a “‘top 60”, it 
consisted of the top 60% of a straight run flour and so represented 42 % of the 
whole grain. 

These samples were not bleached. 

Analyses of these flours were kindly carried out for us by Dr Kent- Jones. 
The water, ash and nitrogen values are shown in Table I. 


Table I. Composition of the flours 


The values (%) are given on the fresh weight of flour, the ash 
values on the dry weight are shown in brackets 
Water 
(dried at Protein 
Wheat A: 100°) Ash Nitrogen (N x 5-7) 
Wholemeal 15-60 1-49 (1-77) 1-90 10-83 
Straight run, untreated 16-00 0-45 (0-53) 1-73 9-86 
Straight run, bleached 16-29 0-45 (0-53) 1-74 9-92 
Wheat B: 
Straight run, untreated 14-58 0-48 (0-56) 1-96 11-17 
Patent, untreated 15-43 0-33 (0-39) 1-82 10-37 


The vitamin estimations were made with the flours as they were received, 
and, therefore, containing 15-16% of water. During the experiments the flours 
were stored in a cool place in the dark. 
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Breads 


In a series of preliminary experiments a sample of commercial bread was 
obtained weekly from a large London manufacturer and fed either in the 
fresh state or after drying at 37° and pulverizing. A comparison of the results 
showed that fresh and dried breads gave no different vitamin contents, so 
in all later tests dried bread crumbs, the most convenient form for handling 
bread, were used. This bread was made by the sponge method, which involves 
making approximately one-third of the flour into a soft dough with more than 
half the total water and all the yeast. This sponge is left to work for approxi- 
mately 1} hr. at 84° F. and the remainder of the flour and water, the salt and 
other ingredients are then added, thoroughly mixed and allowed to work for a 
further period of about 14 hr. before making into loaves. The details of the method 
of manufacture of the commercial sample were not obtainable, but it was under- 
stood that it contained approximately 0-16°% yeast solids to 100 lb. of flour. 
The water content was 33% by drying at 37° and 37-6% by drying at 102°. 

The other breads examined were prepared for us under carefully controlled 
conditions by Dr Kent-Jones. They were made from the tested flours, wheat (A) 
and yeast (baker’s yeast III), the white breads being made from the unbleached, 
straight run flour and the brown from the wholemeal. Three systems were used 
in making the white breads, details of which are given below; the quantities of 
materials employed are given in Table II. 


Table II. The composition of the various breads 


% waterin % constituents in bread 
As made fresh bread dried at 37° 
———. __"————_ dried at cs !#{#![—T—_|“ 
Flour Yeast Salt Water Yeast, 
Bread Ib. oz. = 0. Ib. 37° ~—- 100° Flour dry Salt 
White, sponge — — _— _— 33 37-6 — 0-16 
White, short dough 25 + 5 13 31 36-0 98-44 0-28 1- 
White, long dough 25 1} 6 12} 31 36-0 98-42 0-09 1- 
White, baking powder 25 0 
Wholemeal : 


8 
9 
5* 14 23 27-8 98-75 0 1-25 
23 «4 5} 13 36 40:7 9810 0-30 1-60 

* In addition to NaCl this mixture contained 6 oz. acid calcium phosphate and 4} oz. sodium 
bicarbonate. 


Short dough process, white bread. In this system the dough only works for about 3 hr. from the time 
of mixing until the time of baking. The 38 lb. 9 oz. of materials yielded 17 2 Ib. loaves (scaled off at 
2 Ib. 3 oz.), leaving 14 1b. discard. The flour and yeast at 66° F. were mixed with the water at 94° F., 
giving a dough temperature of 82° F. This was knocked back after 14 hr., moulded after 3 hr. and 
entered the oven 3 hr. 20 min. after mixing. It was baked for 50 min., the oven temperature being 
500° F. The temperature registered on a maximum thermometer in the centre of a loaf was 99°. 

Long dough process, white bread. In this system the dough works for about 10 hr. between mixing 
and baking. The 38 Ib. of materials were again made into 17 2 Ib. loaves (scaled off at 2 lb. 3 0z.), 
13 oz. being discarded. The flour and yeast at 62° F. was mixed with water at 85° F., giving a dough 
temperature of 76° F. The dough was knocked back after 8 hr., when the temperature was 74° F., 
scaled off after 8 hr. 40 min., given its final moulding after 9 hr. 15 min. and put in the oven 
10 hr. 15 min. after mixing. It was baked for 50 min., the oven temperature being 500° F., and 
the internal temperature of the loaves, as registered on a maximum thermometer, 99°. 

Short dough process, wholemeal bread. The 37 lb. 5 oz. of materials yielded exactly 17 2 Ib. 
loaves, scaled off at 2 lb. 3 oz. The times of the fermentation process were essentially the same as 
in the case of the short dough white bread; the dough temperature was 79° F. The bread was 
baked in this case for 60 min. in an oven at 500° F. 

The water contents of the breads were determined both after drying at 37° as fed, and also 
after drying to constant weight at 100° (Table II). 
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Baking powder bread. The dough consisted of flour mixed with 1-25% of salt and 1-51% acid 
calcium phosphate and 1-07% of sodium bicarbonate, these last two materials constituting the 
self-raising ingredients of the dough and replacing the yeast. The mixture was placed at once in 
the oven and baked for 45 min., the oven temperature being 450-480° F. 


METHODS 


In all the vitamin tests the criterion was the growth of young rats. The rats 
were fed on a basal diet containing 60% rice starch, 20 casein, 15 fat and 5 
normal salt mixture. The fat consisted of 4 parts of hardened cottonseed oil 
and 1 part of lard, the latter being included to ensure adequate supply of 
unsaturated fatty acids in the ration [Burr & Burr, 1930; Hume, private com- 
munication]. The diet was mixed with its own weight of water and steamed for 
3-5 hr., depending on the amount made up, to dextrinize the starch and guard 
against refection [Fridericia et al. 1927]. This basal diet was supplemented with 
daily doses of cod liver oil and the various constituents of the vitamin B complex 
other than the one being tested. To this regime was added, after a preliminary 
period of depletion, the test material (yeast, flour or bread) and the weight 
increases of the rats were observed for 4 weeks and compared with those of rats 
of the same litters receiving the basal diet together with doses of the appropriate 
standard materials (see below). Each dose was tested on several rats, the sexes 
being evenly divided where possible. 

The dried yeast doses were given as weighed daily amounts and were in all 
cases completely consumed. The flours and breads were, however, too bulky 
for this method to be applicable and they were, therefore, made into test diets 
containing 68 % flour or dried bread crumbs, 12 casein, 15 fat and 5 salt mixture. 
Since the flours and therefore the breads contained 10%. protein, these diets 
contained roughly the same amounts of protein, carbohydrate and fat as the 
basal diet. The test diets were not fed ad lib., but a weighed quantity (5-13 g. 
wet weight as required) was fed daily, the remainder of the animals’ require- 
ments being made up with the basal diet. If any of the test diet was left on one 
day a proportionately larger amount was given the next day. In some of the 
experiments with wholemeal bread and flour, when very small daily amounts 
were needed, the necessary daily doses were given as 5 g. of diets containing 
34% bread or flour, 16 casein, 30 rice starch, 15 fat and 5 salt mixture. As the 
test diets were also cooked with their own weight of water the actual intake of 
test material was calculated as 34 or 17% of the daily intake according to the 
type of diet. Thus 5 g. of the 68% bread diets were equivalent to a bread dose 
of 1-7 g. daily, and 13 g. to 4-4 g. daily and so on. 

Vitamin B,. The method employed was essentially that described by Chick & 
Roscoe [1929]. The rats were started on their doses of test material when their 
weights on the basal diet with only vitamin B, complex as supplement had been 
stationary for one week. The average body weight of the rats at the beginning 
of the tests was 65 g. Vitamin B, was given as an aqueous acid extract of yeast 
autoclaved for 5 hr. at 120° and pH 5-0 [Roscoe, 1930]. The daily dose of 1 ml. 
was equivalent to 0-5 g. of original yeast (dry weight). 

Rats receiving 10 mg. daily of the international standard (activated acid 
clay) containing | international unit (1.U.) of vitamin B, were included in each 
litter and their growth was compared with that observed with rats receiving the 
various doses of test materials. 

Vitamin Bz complex. Since vitamin B, has been found to contain flavin and 
at least one other factor necessary for the growth of rats, it was essential to test 
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for these constituents separately. Tests for the whole complex were also carried 
out as it was thought interesting to compare them with tests of the individual 
constituents. The method was that of Chick & Roscoe [1928]. Vitamin B, was 
supplied as a concentrate from yeast made by the method of Peters, as modified 
by Kinnersley e¢ al. [1933], the daily dose of 0-1 ml. being equivalent to 0-6 g. 
of the original yeast (dry weight). This was sufficient for normal growth when all 
vitamin B, factors were present. 

Negative control rats were included in many of the litters but not in all as 
in every case their growth was negligible. The average weight of the rats when 
test materials were first given was 50g. In each litter some rats were fed 100 
or 200 mg. of baker’s yeast III daily which was used as a standard of comparison 
in tests for vitamin B, complex and its separate constituents, and the growth 
obtained compared with that of rats receiving the test materials. 

Flavin. The method of estimating flavin was similar to that for the whole 
vitamin B, complex, but, in addition to the supplement of vitamin B,, the rats 
also received doses of an autoclaved yeast extract from which flavin had been 
removed by adsorption on fuller’s earth [see Chick et al. 1935]. The daily dose 
of 1 ml. was equivalent to 0-6 g. original dry yeast. 

It was assumed that this supplementary dose, which was identical with the 
“supplementary material” of Chick et al. [1935], was also identical with 
Gyoérgy’s [1935] vitamin B,, and together with flavin would be adequate to 
provide the entire vitamin B, complex. Researches by Edgar & Macrae [1937] 
carried on while the present work was in progress have shown that this pre- 
paration contains only one of two factors required to supplement flavin in 
providing the whole vitamin B, complex, and that a second factor is adsorbed 
with the flavin on the fuller’s earth. The factor present in the extract which 
we used is termed the “filtrate factor’’ and that adsorbed, the “eluate factor’’. 

It was thus possible that our tests for flavin, carried out as described above, 
were invalid owing to a concomitant deficiency of “‘eluate factor”, but at the 
same time the results showed that all the materials tested provided excellent 
supplements for flavin and therefore might be presumed to contain large amounts 
of both “eluate” and ‘‘filtrate”’ factors. In every case a dose of flour or bread 
which promoted a certain amount of growth when given as source of flavin, 
promoted much better growth when given as a source of the vitamin B, factors 
other than flavin. We therefore conclude that the weight increases observed in 
the flavin tests cannot have been limited by deficiency of any other part of the 
vitamin B, complex. 

To confirm this point an experiment was performed and is reported in 
Part III of this paper, in which flavin tests on white breads were made with 
added “‘filtrate factor’ and also with both “eluate” and “filtrate” factors. The 
method of preparation of the yeast extract containing the “eluate factor” is 
described by Edgar & Macrae [1937] who kindly prepared these fractions for us. 
Doses of 1 ml. equivalent to 0-5 g. of dry yeast were given daily. The results 
obtained showed that growth with added “filtrate” and “eluate” factors was 
the same as with “filtrate” factor alone or with neither. 

Since the “eluate” and “filtrate” factors together adequately supplemented 
flavin, it would have been possible to use flavin as a standard in these tests, but 
our limited knowledge at the time of planning these experiments decided us to 
use baker’s yeast III as a standard for all tests of the constituents of the vitamin 
B, complex. Accordingly in all litters one or two positive control rats received 
100 or 200 mg. daily of this yeast with the same supplements as the rats receiving 
the test materials. We have since attempted to determine the flavin equivalent 
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of the yeast, but the results obtained were not sufficiently conclusive to warrant 
the expression of our results in terms of the actual amounts of flavin in the 
materials. 

Factors other than flavin. The tests for these factors were made also by a 
method similar to that used for the vitamin B, complex and for flavin, but in 
this case all the rats received an addition of pure crystalline hepatoflavin as well 
as vitamin B,. The flavin was administered in solution, each rat receiving 12y 
daily, an amount which, with adequate vitamin B, and other vitamin B, factors, 
was found sufficient to maintain growth of 14-16 g. weekly for 4 weeks. Control 
rats receiving only the basal diet with vitamin B, and flavin grew slightly, but 
the growth was very small in proportion to that obtained with rats receiving the 
flour and bread test doses. The baker’s yeast III was used as a standard of 
reference in all tests. Whether ‘eluate factor” or “filtrate factor” was the 
limiting factor in the materials tested, it remains for further work to show. 


I. Tue B-vITaMINS IN VARIOUS YEASTS 
Experimental 
The results of tests for the B-vitamins in a sample of brewer’s yeast and 


three samples of baker’s yeast are given in Table III. With the exception of the 
baker’s yeast III, which was used for making the breads, the tests were not very 


Table IIT. Weight increases of rats receiving yeasts as source of the 
constituents of the vitamin B complex 


Average weekly gain in weight (g.). No. of rats in 
brackets. Rats receiving yeast as source of 


oo SF 


Dose Vitamin B, 
mg. Vitamin B, factors other 
Yeast daily Vitamin B, complex Flavin than flavin 
Brewer’s 20 7 (4) _ _ — 
50 24 (3) oe ais 2 
100 22 (2) 11 (4) 14 (1) 11 (1) 
200 — 15 (2) — rs 
Baker’s I 100 10 (4) 10 (4) 12 (2) 10 (1) 
150 11 (2) _- — — 
200 — 16 (3) _ — 
Baker’s II 50 12 (4) — — — 
100 18 (3) — — = 
200 = 11 (5) 13 (2) 15 (2) 
Baker’s III 
New 100 10 (4) 9 (4) 9 (3) 13 (5) 
200 -— 12 (4) 13 (4) 16 (2) 
After storage for 100 = 12 (3) 12-5 (3) 19 (2) 
12 months 150 9 (4) -- —- — 
International 10 13 (8) — -= — 
standard (1 1.0.) 


extensive. They do, however, show that considerable variations, in all 
B-vitamins, occur in different varieties and samples of yeast. 

Vitamin B,. The growth of the positive control rats which received 1 1.v. of 
vitamin B, daily, as 10 mg. of activated acid clay standard preparation, varied 
very little and averaged 13 g. per week. With this amount of weight increase as 
criterion, it was estimated that 1 1.U. of vitamin B, was present in 20-50 mg. of 
the brewer’s yeast, in rather more than 150 mg. of baker’s yeast I, in 50 mg. of 
baker’s yeast II and in more than 100 mg. of baker’s yeast III. 





—————e 
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In the case of baker’s yeast IIT a further test was made 12 months after the 
first, which had been carried out when the yeast was first received and dried. 
Most unexpectedly, when the yeast was fed at 150 mg. level, the growth resulting 
was no better than that originally obtained with 100 mg. (10g. per week) 
though the control rats receiving the international standard still showed a weight 
increase of 13 g. weekly. It thus appeared that the vitamin B, in this yeast had 
diminished by one-third during 12 months’ storage at room temperature in the 
dark. 

Vitamin Bz complex. The first three yeasts were tested for vitamin B, complex 
before baker’s yeast III had been obtained so that litter mate controls receiving 
this yeast could not be included in the experiments. The results can, however, 
be compared with the earliest tests of baker’s yeast III. The samples of brewer’s 
yeast and baker’s yeast I contained twice as much of the complex as did baker’s 
yeasts IT and III, since the rats receiving 100 mg. of the former yeasts showed 
the same weight increases as those which received 200 mg. of the latter. Tests for 
flavin and other factors were also carried out. The brewer’s yeast and baker’s 
yeast I contained about twice as much flavin as did baker’s yeasts II and III, 
100 mg. of each of the former and 200 mg. of each of the latter promoting equal 
growth. All the yeasts contained similar amounts of factors other than flavin; 
100 mg. of the brewer’s yeast or baker’s yeast I promoted slightly less growth 
than did 100 mg. of baker’s yeast ITI, and 200 mg. of baker’s yeast II promoted 
growth about equal to that produced by 200 mg. of baker’s yeast IIT. 

Comparison of the tests for the whole complex and those for the components 
showed that baker’s yeasts II and III were relatively deficient in flavin, which 
was therefore the limiting factor in their growth-promoting effect as source of 
the complex and that the brewer’s yeast and baker’s yeast I contained limiting 
amounts of factors other than flavin. 

In Table III two estimations of the vitamin B, complex and its components 
in baker’s yeast III are included, one made when the yeast was fresh and one 
after 12 months’ keeping. The striking fact appears that the growth of the rats 
with the same doses was greater in the later tests than in the earlier. This 
illustrates a fact which became more apparent as the work proceeded, namely 
that the growth resulting from feeding this yeast as source of vitamin B, 
complex, flavin or factors other than flavin, gradually increased as time went on. 
The most likely explanation is that the rats used in the later experiments re- 
sponded by greater weight increases to the same amounts of vitamins, owing to 


Table IV. The B-vitamins in various yeasts 


In brackets are given the 1.v. of vitamin B, per g. of material. Comparison may only be made 
between figures in vertical columns since estimations of the separate B-vitamins were independent 


of each other. F ‘ ‘ 
Amounts (mg.) promoting equal weight increases 


when given as source of 


‘ 
Vitamin B, 


Vitamin B, factors other 

Yeasta: Vitamin B, complex Flavin than flavin 

Brewer’s 20-50 (35) 100 100 > 100 

Baker’s I >150 (<7) 100 100 >100 

Baker’s IT 50 (20) 200 200 100 

Baker’s III > 100 (<10) 200 200 100 
Standard: 

International acid clay 10 (100) — ae - 


(1 Lv.) 
Biochem. 1937 xxx1 119 




















1886 A. M. COPPING AND M. H. ROSCOE 


seasonal or other variations in their growing powers. Such variations have 
frequently been noted, though in this series of experiments they were surprisingly 
large. Since, in all experiments, tests with the respective standard materials 
were included for comparison, valid conclusions can still be drawn. 

An attempt was made to estimate the flavin content of the standard baker’s 
yeast III in a litter where both yeast and flavin were fed with “filtrate” and 
“eluate” factors. The rats receiving 44, 9 and 18y of flavin daily grew averages 
of 12, 13 and 15-5 g. weekly, while those receiving 100 and 200 mg. of the yeast 
daily grew 16-5 and 18 g. weekly (2-week tests). It thus appeared that 100 mg. 
of yeast were equivalent to 18y of flavin, or 1 g. would have contained 180y. 
The results of the yeast tests are summarized in Table IV. 


Discussion 


The brewer’s yeast was the richest source of vitamin B,, 1 g. containing 
20-50 1.U. (35 I.U. approx.). Baker’s yeast IT was nearly as good, 1 g. containing 
20 1.U., but this yeast had been specially “reinforced” with vitamin B,, the 
method of reinforcement not being known. The two ordinary baker’s yeasts I 
and III were much poorer sources of the vitamin, containing less than 7 I.v. 
and less than 101.U. per g., respectively. Baker’s yeast III was found, after 
storage for 12 months in a well-stoppered bottle at room temperature in the 
dark, to have diminished in vitamin B, activity by about 30%. 

Not many comparisons have been made between yeasts and the international 
standard, but Chick & Jackson [1932] and Birch & Harris [1934] tested the same 
brewer’s yeast by various methods and found values varying from 17 to 20 1.v. 
per g. dry weight. Baker & Wright [1935] found two brewer’s yeasts to contain 
6 and 231.U. per g., respectively, and Lassen [1936] found top-fermenting 
brewer’s yeasts to have an average value of 12-1 1.U. per g., bottom-fermenting 
brewer’s yeasts 36-1 1.v. and distiller’s yeast 6-61.0. These values are of the 
same order as those reported here. The superiority of brewer’s over baker’s 
yeasts was shown by Williams [1921] and Plimmer et al. [1927], who found the 
former the better source of “‘vitamin B”. Scheunert & Schieblich [1929] and 
Quinn e¢ al. [1930] found more vitamin B, in brewer’s yeast than in baker’s yeast. 
Drummond & Whitmarsh [1932] found more of both vitamin B, and vitamin B, 
in several samples of brewer’s yeast than in several samples of distiller’s yeast, 
but Lassen [1936] found that brewer’s yeast was poorer than baker’s yeast in 
vitamin B,. 

Our tests for flavin and other factors of the vitamin B, complex suggested 
that baker’s yeasts II and III contained about half as much flavin and rather 
more of the other factors than the brewer’s yeast and baker’s yeast I. The 
variations were less marked than those in the vitamin B, content. This is again 
in agreement with the work of Quinn et al. [1930] who found that two brewer’s 
yeasts promoted equal growth when given as source of vitamin B,. In their 
tests an alcoholic extract of wheat was fed as source of vitamin B, and this 
would probably have contained all B-vitamins other than flavin, so that these 
tests may be taken as tests for flavin. 

The flavin in yeasts has also been estimated spectrophotometrically. Using 
this method Warburg & Christian [1933] found that a baker’s and a brewer’s 
yeast contained similar amounts of flavin, 36 and 30y per g. of dry yeast, re- 
spectively, and values of 18 and 18-2ly per g. were found by Kuhn e¢ al. [1934] 
and Euler & Adler [1934], in both cases for dried brewer’s yeasts. These figures 
are about one-tenth of those found by us in a biological test; from which it was 
calculated that 1 g. of dried baker’s yeast contained 180y of flavin. Until this 
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discrepancy can be explained, it seems misleading to calculate from our figures 
the actual flavin contents of the flours and breads, which were compared with 
the yeast. 

The possible significance of these variations for human nutrition will be 
considered in the later section dealing with breads. 


II. THe B-vrirTaMins IN VARIOUS FLOURS 
Experimental 


Vitamin B,. Table V shows the results of the tests for vitamin B, in the 
bleached and unbleached straight run flours and the wholemeal flour from 
wheat A, and of straight run and patent flour from wheat B. 


Table V. Weight increases of rats receiving flour as source of vitamin B, 
Average weekly gain in 


weight (g.). No. of 
rats in brackets 


——— 
Daily Rats Rats 
consumption receiving receiving Litter 
Whaat. A- Flour g- flour standard* nos. 
White, straight run, unbleached 
New 2-7 13 (5) 15 (2) 66, 71 
5-2 20 (4) 14 (2) 61, 62 
12 months old 2-7 12 (2) 13-5 (1) 106 
White, straight run, bleached 
New 2-7 12 (5) 15 (2) 66, 71 
5-2 17 (5) 14 (2) 61, 62 
12 months old 2-7 14 (2) 13-5 (1) 106 
Wholemeal 0-85 10 (3) 7 (2) 110 
1-4 17 (2) 13 (1) 102 
1:7 14 (3) 0 (1)t 90 
1-7 22 (3) 12 (1) 94 
2-7 27 (2) — 7 
Wheat B: 
White, straight run, unbleached 2-7 11 (3) 9 (2) 118 
White, patent, unbleached 2-7 —1 (3)t 9 (2) 118 


* The standard fed was 10 mg. of activated acid clay, containing 1 1.v. of vitamin B,. 
+ A very poor litter, the rat receiving standard did not grow at all. 
t These rats lost weight and developed polyneuritis after 3 weeks. 


Wheat A. Of the unbleached white flour 2-7 g. promoted slightly less growth 
than did 10 mg. of the acid clay standard ; this amount therefore contained about 
1 1.v. of vitamin B,. The rats receiving the bleached flour grew less well, but the 
difference was very slight. These flours were tested again after storage for 
12 months in the dark in a cool place. Rats receiving 2-7 g. daily of either flour 
now grew as well as the controls receiving the dose of the standard. The vitamin 
B, in the flours had not therefore diminished during storage. 

The wholemeal flour was a good source of vitamin B,, 1 1.U. being present in 
about 0-85 g. of the flour. 

Wheat B. This sample of straight run, unbleached white flour contained 
about the same amount of vitamin B, as that derived from wheat A. 2-7 g. 
daily promoted rather better growth than 10 mg. of the standard, so that this 
amount contained 11.u. But the sample of top patent flour tested not only 
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failed to promote growth as a source of vitamin B,, but the three rats which 
were eating 2-7 g. daily of the flour developed polyneuritis within 3 weeks. The 
symptoms were cured in each case by changing the ration of patent flour to an 
equal one of the straight run white flour from the same wheat, B. 

Vitamin Bs, complex (Table VI). In these and the tests for the separate 
constituents of the vitamin B, complex only the flours of wheat A were tested. 


Table VI. Weight increases of rats receiving flour as source 
of the vitamin Bz complex 


Average weekly gain in weight (g.). 
No. of rats in brackets 


Daily —————--1>— 
con- Rats Rats receiving standard* 

Flour sumption Control receiving —_——"——, Litter 
(Wheat A) g- rats flour 100 mg. 200 mg. nos. 
White, straightrun, 43 0 (2) 12 (6) 8 (2) 12-5 (2) 63, 64, 68, 69 

unbleached 
White, straightrun, 43 0 (2) 10 (6) 8 (2) 12-5 (2) 63, 64, 68, 70 
bleached 
Wholemeal 2-0 — 11 (4) 13 (2) — 101 
2-1 0 (1) 10 (5) — 12-5 (1) 88, 89 
4:5 2 (1) 14 (3) — 13 (1) 84 


* The standard fed was baker’s yeast III. 


4-3 g. daily of the unbleached white flour promoted growth equal to that re- 
sulting when 200 mg. of baker’s yeast III were fed. The same amount of the 
bleached flour promoted slightly less growth, and 4-5 g. of the wholemeal flour 
were found to be equivalent to 200 mg. of the standard yeast. There was thus 
little difference between the activities of wholemeal and straight run white flour 
when providing the source of the whole vitamin B, complex. 


Table VII. Weight increases of rats receiving flour as source of flavin 
Average weekly gain in weight (g.). 


No. of rats in brackets 


Daily Rats receiving 
con- Con- Rats standard* 
Flour sumption trol receiving =§=————*~——_—__, Litter 
(Wheat A) g- rats flour 100 mg. 200 mg. nos. 
White, straight run, unbleached 
New 3-2 1 (2) 6 (3) -- 10 (1) 73, 79 
3-5 3 (2) 8-5 (4) om 12 (3) 74, 79 
4:3 5 (1) 12 (2) — - 69, 70 
9 months old 3-3 2 (2) 9 (6) 9 (2) 16 (2) 96, 97 
White, straight run, bleached 
New 3-7 3 (2) 7-5 (2) -- 12 (3) 74, 79 
4-2 3 (2) 9 (3) — — 69, 70, 73 
9 months old 3-1 2 (2) 4 (3) 9 (2) 16 (2) 96, 97 
4-2 2 (1) 12 (1) 8 (1) 16 (1) 97 
Wholemeal 
9 months old 2-0 da 12 (3) 12-5 (2) fone 98 
3-1 4 (1) 10 (5) — 17-5 (1) 89, 91 


* The standard fed was baker’s yeast III. 


Flavin (Table VII). 4:3 g. daily of the unbleached flour and 200 mg. of 
baker’s yeast III promoted equal growth (12 g. weekly) when supplying flavin. 
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But the rats receiving 4-3 g. daily of the bleached flour did not grow so well, 
showing that the flavin in the flour was to some extent destroyed by the bleaching 
process. In no case was sufficient of the bleached flour eaten by the rats to supply 
as much flavin as was contained in 200 mg. of the standard yeast, but from a 
comparison of the figures which show that 4-2 g. of bleached flour contained as 
much flavin as 3-4 g. of the unbleached, and that 3-7 g. of bleached contained as 
much as 3-2 g. of unbleached, it may be calculated that about 5-0-5-3 g. of 
bleached would have contained as much as 4-3 g. of unbleached or 200 mg. of 
yeast. The bleaching process had thus reduced the flavin content of the flour 
by 15-20%. 

The rats receiving the unbleached flour after storage for 9 months grew to 
the same extent as those receiving equal amounts before storage, but the growth 
of controls receiving the standard must be taken into account and it is then 
obvious that all the animals were growing more vigorously at the time of the 
second test. In fact, in the later experiments, 3-3 g. of the stored flour and 
100 mg. of the yeast promoted equal growth as source of flavin, so that 6-6 g. 
of the flour would have been equivalent to 200 mg. of the yeast. In the earlier 
test 4:3 g. had been equivalent to 200 mg. of yeast so that the flour may be 
estimated to have lost 35 % of its flavin during keeping in a cool, dark store for 
9 months. 

Similarly, 3-1-4-2 g. of the stored, bleached flour had the same activity as 
100 mg. of yeast, so that 6-2-8-4 g. were equivalent to 5-0-5-3 g. of the fresh 
material, and the bleached flour had lost a further 20-40 % of its flavin content. 
Thus, after keeping, the bleached flour still contained less flavin than the 
unbleached, but the difference was not now so marked. 

Of the wholemeal flour 2-0 g. daily were equivalent in activity to 100 mg. 
baker’s yeast ITI, that is 4-0 g. were equivalent to 200 mg. 

Vitamin Bz factors other than flavin (Table VIII). In the first tests 4-3 g. 
daily of either the unbleached or the bleached white flours supplemented with 


Table VIII. Weight increases of rats receiving flour as source 
of vitamin Be factors other than flavin 


Average weekly gain in weight (g.). 
No. of rats in brackets 


OO 
Daily Rats receiving 
con- Con- Rats standard* 
Flour sumption trol receiving =———*~———, Litter 
(Wheat A) g. rats flour 100 mg. 200 mg. nos. 
White, straight run, unbleached / 
New 4:3 3 (2) 13 (4) — 16 (2) 68, 70, 72, 73 
11 months old 4:3 8 (1) 21 (3) 17 (2) — 99 
18 months old 1-7 -= 12 (3) 13 (1) a 114 
White, straight run, bleached 
New 43 3(2) 13 (5) dad 16 (2) 70, 72, 73 
11 months old 4:3 8 (1) 21 (2) 17° (2) — 99 
Wholemeal 0-85 6 (1) 12 (3) 18 (1) — 115 
1-2 3 (1) 18 (2) 16-5 (2) -—— 103 
1-7 7 (3) 19 (6) 16 (3) — 93, 105 
3-1 -- 22 (2) 13-5 (1) = 89 


* The standard fed was baker’s yeast III. 


flavin, promoted equal growth of 13g. per week, while 200 mg. of baker’s 
yeast III produced growth of 16g. weekly. These factors did not therefore 























1890 A. M. COPPING AND M. H. ROSCOE 





appear to have been affected by bleaching. The flours were tested again after 
storage for 11 months and were still found to have equal activity, 4-3 g. daily 
of either promoting a growth of 21 g. weekly, whilst 100 mg. of the yeast pro- 
moted growth of 17 g. Seven months later a further test was made of the un- 
bleached flour at a lower level of intake, 1-7 g. daily, producing growth of 12 g. 
weekly which was comparable with that obtained with 100mg. of the yeast, 
tested simultaneously, 13 g. weekly. Since in the first tests 4-3 g. of flour con- 
tained rather less of the factors than did 200 mg. of yeast, that is 2-1 g. would 
have had less activity than 100 mg., and in the last experiments 1-7 g. of the 
unbleached flour were equal in activity to 100 mg., it does not appear that there 
had been any loss of activity during storage for 18 months. 

In these tests the activity of 1-2 g. of wholemeal was found to be slightly 
greater and that of 0-85 g. slightly less than that of 100 mg. of baker’s yeast IIT. 

The results of all the tests with the flours are summarized in Table IX. From 
the similarity of the amounts needed for growth as source of the vitamin B, 


Table IX. The B-vitamins in various flours 


In brackets are given the 1.v. per g. of material. Comparison may only be made between 
figures in vertical columns since estimations of the separate B-vitamins were independent of each 
other. 

Amounts (g.) promoting equal weight increases when 
given as source of 


—————— eS 


Vitamin B, 





factors 
Vitamin B, other than 
Wheat A: Flour Vitamin B, complex Flavin flavin 
White, straight run, unbleached 
New 2-7 (0-37) 4:3 4:3 >2-1 
9-12 months old 2-7 (0-37) — 6-6 <43 
18 months old — — — 1-7 
White, straight run, bleached 
New 2-7 (037) >43 5-0-5-3 >2-1 
9-12 months old 2-7 (0-37) — 6-2-8-4 <4:3 
Wholemeal 0-85 ( : 


Wheat B: 
White, straight run, unbleached 2-7 (0-37) _- 
White, patent, unbleached — (0) 


| | 


Standards: 


International acid clay 0-01 (100) _- aaa — 
(1 Lv.) 
Baker’s yeast III — 0-2 0-2 0-1 


complex and of flavin respectively, and the considerably smaller amounts 
required as source of factors other than flavin, it is obvious that in the tests for 
the whole complex the deficiency of the flavin component is the limiting factor. 


Discussion 
(1) The B-vitamins in whole wheat. 

The wholemeal from the sample of wheat tested in this work contained 1 1.U. 
of vitamin B, in 0-85 g., or 1-18 1.U. in 1g. This value is lower than those 
recorded by other workers, who, however, found great variations in different 
samples. Baker & Wright [1935] obtained values of 2-3, 2-6 and 3-4 I.U. per g.; 
Scheunert & Schieblich [1936] 1-2, 1-5 and 1-5 1.U. per g.; Baker e¢ al. [1937] 
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1-2, 2-0, 2-1, 2-3, 2-5 and 2-6 1.v. per g. and Leong & Harris [1937] 1-5 1.v. 
rg. 

- Until international standards for flavin and the other constituents of the 

vitamin B, complex have been set up, it will be impossible to compare estimations 

of these factors made by different workers, and indeed few have been made. 

A comparison of the potencies of whole wheat as source of the different 
B-vitamins showed clearly that to promote an equal amount of growth much less, 
about one-fifth, was needed to supply vitamin B, than to supply the vitamin B, 
complex, and that the amount of flavin present was the limiting factor in the 
vitamin B, complex (see Table IX). This fact has already been pointed out by 
Birch et al. [1935] and Copping [1936]. The conclusion, however, would not be 
warranted that wheat would be for all mammals a better source of vitamin B, 
than of vitamin B, complex, and a less good source of flavin than of other factors 
of the vitamin B, complex, for comparison of the relative amounts needed to 
promote a certain submaximum growth effect is not necessarily a criterion of the 
relative amounts needed to supply adequately the complete demands of even 
the same species. Moreover, different species may have different requirements. 


(2) The effect of milling on the B-vitamins in wheat. 

Vitamin B,. The wholemeal flour contained 1-18 1.U. of vitamin B, per g., 
and the straight run flour milled from the same wheat (A) 0-37 L.v. per g., or 
one-third as much. The straight run flour from wheat B also contained 0-37 1.v. 
per g. but the corresponding patent flour contained no appreciable amounts of 
this vitamin. Since the straight run flours represented 70-72 °% of the whole 
grain, it may be calculated that about 20% or one-fifth of the vitamin in the 
whole grain was present in these flours. On the other hand the patent flour 
which represented 42% of the whole grain contained negligible amounts of 
the vitamin. Since it has been shown [see Kent-Jones, 1934, p. 19] that the ash 
of pure endosperm is very constantly 0-30°% and that of the husk (all outer 
coverings and germ) 8-00% it may be calculated that the straight run flours 
contained 2-34°% of the husk of the whole grain whilst the patent flour con- 
tained only 0-45%. It thus seems probable that vitamin B, is present only in 
the husk, and that any present in the white flour is due to small amounts of the 
outer coverings of the grain present. The vitamin content does not exactly 
parallel the husk content, but this is no doubt due to the fact that the different 
covering layers vary in vitamin content and are not equally represented in the 
husk which passes into the white flour. 

Chick & Hume [1917] could find no evidence for the presence of vitamin B, 
in a straight run flour; the pigeons with which they worked developed poly- 
neuritis as quickly as those receiving polished rice. In order to control the 
present method which uses the growth of rats as criterion, we compared our 
straight run flour with polished rice. Whilst the rats receiving polished ground 
rice gained no weight those receiving equal amounts of straight run flour grew 
well. One can therefore only conclude that the sample of straight run flour 
examined by Chick & Hume was a more highly milled product than ours. 

Bell & Mendel [1922] found that although mice would not grow when patent 
flour was the sole source of the vitamin B complex, they grew fairly well when 
“clear” flour was fed and very well when low grade white flour was fed. Vitamin 
B, must therefore have been present in the “‘clear”’ and low grade white flours. 
More recently Scheunert [1936] has shown that a flour of 60% extraction, that 
is a “patent” fiour, contained no appreciable vitamin B,, but that flours of 75 
and 82% extraction contained 40 and 60% respectively of the vitamin B, of 
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the whole grain. In a later paper [Scheunert & Schieblich, 1937] the following 
absolute values are given: whole wheat 1-51.U. per g.; flours of 94, 82, 75 and 
60.% extraction 1-2, 1-0, 0-4 and 0-24 1.U. per g. respectively. Leong & Harris 
[1937] tested various parts of grain, not, however, derived from the same sample 
of wheat; two white flours contained 0-3 and 0-2 1.v. per g. With these figures 
may be compared our value of 0-37 1.U. per g. for a flour of 70% extraction. 

Flavin. A comparison of the tests for this factor in wholemeal and straight 
run flours made at the same time, that is after keeping for 9 months, showed that 
4-0 g. of the wholemeal were equivalent to 6-6 g. of the straight run unbleached 
flour or 200 mg. standard yeast. Thus the wholemeal contained 1} times as 
much flavin as the white flour and the latter contained 42 % of the flavin in the 
whole grain. 

Copping [1936] found that whole wheat contained more flavin than did 
white flour, but a quantitative estimation was not possible. Scheunert & 
Schieblich [1937] tested flours and whole wheat and found that the latter con- 
tained five times as much vitamin B, as flours of 75% or lower extraction, but 
only 14 times as much as flours of 82 and 94 % extraction. This test was probably 
a test for flavin. 

Vitamin Bez factors other than flavin. In respect of these factors the wholemeal 
flour was richer than the straight run white flours, about 1-0 g. of the former 
and 1-7 g. of the latter being equivalent to 100 mg. of the standard yeast. The 
relative distribution was about the same as in the case of flavin; the white flour 
contained about 40% of the activity of the whole grain. This result is in agree- 
ment with the finding of Copping [1936], who considered that the whole grain 
contained about three times as much of the factors required to supplement flavin 
as did white flour. In her experiments, however, the two materials were not 
obtained from the same sample of wheat, and the white flour was a patent, not 
a straight run, flour. 


(3) The effect of bleaching and keeping on the B-vitamins in flour. 

The bleaching agent employed for the sample of flour investigated was 
nitrogen peroxide. The effects observed cannot be assumed also for other bleach- 
ing agents except in so far as they may be due to oxidation. It is also possible 
that variations in the details of the process, even with the same agent, might be 
important. The effect of storage on the flour may profitably be considered at the 
same time, since in general bleaching may be said to hasten processes which 
occur naturally in time. For general reviews of bleaching and its effects Hamill 
[1911] and Kent-Jones [1933] should be consulted. 

Our results suggested that the vitamin B, in white flour was very slightly 
reduced by the bleaching process, but the difference between the bleached and 
the unbleached flours was so slight that further work would be necessary to 
establish this with certainty. No deterioration in the vitamin B, content of 
either flour was apparent after keeping for 12 months. Thus neither bleaching 
nor keeping had a significant effect on the vitamin B, content of white flour. 

The flavin content of the flour was definitely affected by bleaching and by 
keeping. This is not surprising in view of the fact that flavin is unstable to light 
or oxidation, readily yielding colourless compounds which are biologically 
inactive. The bleaching process was found to have reduced the flavin content of 
the flour by 15-20% and this flour lost a further 20-40 % of its flavin during 
9 months’ storage, so that at the end of 9 months the bleached flour still con- 
tained less flavin than the unbleached. If the flavin content of the unbleached 
flour be taken as 100, that of the bleached would be about 86, and of the bleached, 
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after keeping for 9 months, about 60, while that of the unbleached, after keeping 
for 9 months, would be 65. 

Vitamin B, factors other than flavin appeared to be unaffected by bleaching 
or keeping of the flour, no difference being found in this respect between bleached 
or unbleached flours and the same flours after storage for 11 months. 

Although white flour cannot be considered to be a good source of the con- 
stituents of the vitamin B, complex, especially of flavin, the amounts present 
may have a dietary significance in a restricted diet when large amounts of bread 
are eaten. In such cases a reduction of the flavin content by bleaching or 
keeping, as has been here demonstrated, might be of nutritional importance. 














Ill. THe B-viTaMIns IN VARIOUS BREADS 





Experimental 


Vitamin B, (Table X). The commercial white bread, made by the sponge 
system, contained 1 1.vU. of vitamin B, in 3-9 g. (dry weight) and the long and 
short dough breads, made from the white flour tested above, each contained 
1 1.U. in 2-7 g. 







Table X. Weight increases of rats receiving breads as source of vitamin By 






Average weekly gain in weight (g.). 
No. of rats in brackets 






Daily 

consumption Rats receiving Rats receiving Litter 
Bread (g-) dry bread standard* nos. 
White, sponge 3-9 12 (4) — 51 
5-2 18 (4) sl 51 

White, short dough 2-7 12 (5) 13 (2) 76, 82 
2-7 9 (2) 8 (2) 117 

White, long dough 2-7 12 (4) 13 (2) 76, 82 
White, baking powder 2-7 0 (3)T 8 (2) 117 
Wholemeal 0-85 9 (3) 7(2 110 
1-4 19 (2) 13 (1) 102 
1-7 15 (4) 0 (1)t 90 
1-7 21 (3) 12 (2) 94 





* The standard fed was 10 mg. of activated acid clay, containing 1 1.v. of vitamin B,. 
+ These rats all developed polyneuritis within 3 weeks. 
t A very poor litter, the rat receiving standard did not grow at all. 









In the sample of white bread made with no yeast but with a self-raising 
mixture of acid calcium phosphate and sodium bicarbonate there was no 
detectable vitamin B,; all 3 rats receiving 2-7 g. daily of this material developed 
polyneuritis. This material was not examined for the vitamin B, complex or 
its constituents. 

The wholemeal bread was about three times as rich in the vitamin as the 
white breads tested, 1 1.v. being present in approximately 1 g. of dry bread. 

The corresponding amounts of fresh bread containing 1 1.U. of vitamin B, 
would be 5-8 g. of the sponge process bread, 3-9 g. of each of the white breads 
made from the tested flour and 1-3 g. of the wholemeal bread. 

Vitamin Bs complex (Table XI). In the tests for vitamin B, there was 
difficulty in persuading the rats to eat enough of the white breads. Of these 
materials 4 g. had lower potency than 200 mg. of standard yeast III and 3-0 g. 
lower than 100 mg. of yeast. Thus more than 6-0 g. would have been required 
to promote the same growth as 200 mg. of yeast. There was no great difference 
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Table XI. Weight increases of rats receiving breads as source 
of the vitamin Bz complex 


Average weekly gain in weight (g.). 
No. of rats in brackets 
OO 
Rats receiving 
Daily Con- Rats standard* 
consumption _ trol receiving —_—_———— Litter 
Bread g., dry rats bread 100mg. 200mg. nos. 
White, sponge 3:5 0 (1) 8 (4) — 50 
4:3 0 (1) 10 (4) — 50 
White, short dough 3-0 2 (2) (8) 12 (2) 75,77, 115, 116 
3-0 — (2) = 104 
3-9 3 (1) 5 (5) 14 (1) 80, 83 
White, long dough 3-0 2 (2) (8) 12 (2) 75, 77, 115, 116 
3-0 — (2) -—— 104 
4-0 3 (1) 5 (4) 14 81, 83 
(4) 101, 104 
(1) (5) 88, 92 
2 (1) (3) 84 
he standard fed was baker’s yeast IIT. 
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between the vitamin B, complex contents of the long and short process white 
breads, and the sponge process bread. The wholemeal bread was somewhat 
richer in the vitamin B, complex, 3-0-4-5 g. daily of the dry bread being equi- 
valent to 200 mg. of the standard yeast. 

Flavin (Table XII). Of the short dough white bread 3-9 g. had less flavin 
activity than 200 mg. of standard yeast, and 3-0 g. had less than 100 mg. of 


Table XII. Weight increases of rats receiving breads as source of flavin 


Average weekly gain in weight (g.). 
No. of rats in brackets 
f A a 
Rats receiving 
Daily Rats standard* 
consumption receiving ——_———_ Litter 
Bread (g.) dry bread 100mg. 200 mg. nos. 
White, sponge 5-1 77 (2) _ 50 
White, short dough 3-0 ) 7 (3) 16 (1) 86 
3-0 9 (6) . — 108, 113, 116 
3-9 12 (2) 15 (1) 80 
White, long dough 2-8 6 (3) 16 (1) 86 
3-0 : 6-5 (6) “f =! 108, 113, 116 
4-1 ll (2) 13 (1) 81 
Wholemeal 2-0 — 13 (3) 2°5 (2 — 98 
3-1 4 (1) 13 (5) 17 (2) 91, 92 
* The standard fed was baker’s yeast IIT. 
+ This test was made after a test for the whole vitamin B, complex in the bread, and the rats 
were much larger than in the other tests. 


yeast. The long dough white bread promoted slightly less growth at each ‘evel 
of intake. Of the wholemeal bread 2-0 g. had flavin activity equal to 100 mg. of 
the standard yeast, and 3-1 g. rather less than 200 mg. of yeast. 

An additional test for flavin in white bread was made with daily doses of 
3-0 g. supplemented with the “eluate” as well as the “filtrate” constituent of 
vitamin B,. When the short process bread was fed to supplement a diet con- 
taining no part of the vitamin B, complex the average growth of the rats was 
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8 g. weekly, when “filtrate” factor was fed in addition the growth was 7 g. 
weekly, and when both “filtrate” and ‘“‘eluate” were given it was 10g. weekly. 
Similar groups of rats with the long process white bread showed average growths 
of 5, 6 and 6 g. weekly, and those receiving the standard yeast (100 mg.) 9, 11 
and 12 g. weekly. The addition of the “eluate” factor did not therefore con- 
sistently produce improved growth, so that the tests for flavin in breads and 
yeasts as carried out above, where vitamin B, and the “filtrate” factor alone 
were supplied, may be taken as trustworthy flavin estimations. 

Vitamin Bo factors other than flavin (Table XIII). Of both the short and long 
dough breads, 4-3 and 3-0 g. daily had greater effect than 100 mg. of the standard 


Table XIII. Weight increases of rats receiving bread as source 
of vitamin Bz factors other than flavin 


Average weekly gain in weight (g.). 
No. of rats in brackets 





o eee 
Daily Rats Rats receiving 
consumption receiving standard* Litter 
Bread (g.) dry bread nos. 
White, sponge 6-0 167 (4) 50 
White, short dough 13 (2) < 114 
20 (3) 107 
18 (5) 2 85, 109 
17 (2) 80 


13 (2) 114 
(1) 18 (3) ) 107 

5 (2) 17 (5) 5 (3 85, 109 
18 (2) 81 


(1) 14 (3) (1) 115 

(1) 18 (2) 5 (2 103 

(3) 20 (5) 93, 105 
24 (2) 92 


White, long dough 


« 


Wholemeal 
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* The standard fed was baker’s yeast III. 
+ This test was made after a test for the whole vitamin B, complex in the breads and the rats 


were much larger than in the other tests. 


yeast, and about 1-7 g. had equal effect. Of the wholemeal bread daily doses of 
3-1, 1-7 or 1-2 g. all promoted better, but 0-85 g. less good, growth than 100 mg. 
of standard yeast. About 1-0 g. of this bread was therefore equivalent to 100 mg. 
of baker’s yeast ITI. 

Thus all the breads contained relatively greater amounts of these factors 
than of flavin. An amount of 3-0 g. daily of the short process white bread pro- 
duced, when fed as source of vitamin B, complex, flavin and factors other than 
flavin, 8, 7 and 18g. weekly, respectively, and the same amount of the long 
process bread, 5-5, 7-5 and 17 g. weekly, respectively, while 3-0 g. of the whole- 
meal bread produced 14, 13 and 24g. weekly, respectively. A similar result was 
shown in the incomplete tests of the sponge process white bread. In a group of 
comparable rats (litter 50) used after a preliminary test for the vitamin B, 
complex and therefore of larger body weight (85 g.) than usual at the beginning 
of the test, the growth when the bread was fed as source of the whole complex or 
of flavin was approximately the same and was much increased when the bread 
was fed as source of factors other than flavin. 

The results of all the tests of the breads are summarized in Table XIV. 
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Discussion 


(1) The B-vitamins in the various breads. 


Vitamin B,. The first white bread made by the commercial sponge process 
contained 1 1.v. of vitamin B, in 3-9 g. or 0-25 1.U. per g. and the other two 


Table XIV. The B-vitamins in various breads 


In brackets are given the 1.U. of vitamin B, per g. of material. Comparison may only be made 
between figures in vertical columns since estimations of the separate B-vitamins were independent 
of each other. 


Amounts (g. dry weight) promoting equal weight increases 
when given as source of 
AN 





c =~ 
Vitamin B, Factors other 


Breads Vitamin B, complex Flavin than flavin 
White, sponge 3-9 (0-25) >4:3 — — 
White, short dough 2-7 (0-37) >6-0 >6-0 1-7 
White, long dough 2-7 (0-37) >6-0 >6-0 1-7 
Wholemeal 0-85 (1-18) 3-145 4-0 0-85-1-2 
Standards: 


International acid clay 0-01 (100) 
(1 1.v.) 


Baker’s yeast IIT — 


breads were equal in vitamin B, content; 2-7 g. of either contained 1 I.U., or 
0-37 1.U. per g. There was thus no apparent difference between the two white 
breads made from the same materials by different methods. 

The wholemeal bread contained 1 1.U. of vitamin B, in 0-85 g. so that 1 g. 
contained 1-18 1.v. or three times as much as the white breads made from a flour 
consisting of 72% of the same wheat. 

The above values represent the vitamin B, contents in air-dried breads. If 
the fresh weights of the breads are considered, the amounts per g. are as follows: 
white sponge process bread 0-17 1.U.; long or short process white bread 0-25 1.v.; 
wholemeal bread 0-75 1.0. With these values may be compared the following 
values obtained by other workers for the vitamin B, in breads, where the results 
have been given in terms of 1.U. per g. of fresh bread: Morgan & Frederick [1935] 
white 0-3; whole wheat 1-3; Scheunert [1936] white 0-20-0-86; wholemeal 1-07; 
De Caro [1936] white, less than 0-8; whole wheat, more than 0-8: Scheunert 
& Schieblich [1937] white 0-16—0-67 ; wholemeal 0-69: Harris [1937] white 0-12, 
0-15; wholemeal 0-75-0-9: Baker e¢ al. [1937] white 0-14-0-20; wholemeal 
1-10-1-15. These values agree well with those reported here. 

It is not proposed to give a summary of the vitamin B, tests of bread where 
no standard of comparison was included or of the large amount of work which 
has been carried out on the “B-vitamins” in bread without differentiation of 
the constituents of the complex. 

Vitamin Be and its constituents. In Table XIV it is shown that more than 
6-0 g. of either the short or long process white bread and 4-0 g. of the wholemeal 
bread and 200 mg. of the standard yeast all contained equal amounts of flavin. 
There was a slight difference between the flavin contents of the two white 
breads, the long process bread being slightly poorer. The difference was apparent 
in each of the tests for this factor and would appear to be significant. It may be 
due to the smaller amount of yeast present in the long dough sample. 

The wholemeal bread contained over 50% more flavin than the short 
process white bread. 
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The tests for factors other than flavin in the breads showed (Table XIV) 
that 1-7 g. dry weight of the long and short process white breads, about 1 g. of 
the wholemeal bread and 100 mg. of the standard yeast contained equal amounts 
of these factors. Thus the wholemeal bread contained 50 °% more of these factors 
than the two white breads which had equal contents. 


(2) The B-vitamins in bread in relation to its constituents. 


Breads made with yeast. Table XV summarizes the results of our estimations 
of the B-vitamins in unbleached flour and wholemeal flour (wheat sample A) 
and baker’s yeast III, and in the three breads made from them. The value taken 


Table XV. The vitamin contents of the breads and of their constituents 


Amounts Vitamin units per 100 g. of bread 
of yeast Units of vitamin ————' 
(g-) per per g. From From 
100 g. a yeast flour Bread Ratio 
Bread flour Yeast Flour (a) (5) (c) (a)/(b) 


Vitamin B,. International units 
White, short process 0-28 0-37 2-8 37 37 1/13 
White, long process 0-09 0-37 0-9 37 37 1/41 
Wholemeal 0-30 1-18 3-0 118 118 1/39 

Flavin. Arbitrary units. 1 unit=amount present in 100 mg. standard yeast 
White, short process 0-28 5 0-15 1-4 5 <17 1/11 
White, long process 0-09 5 0-15 0-45 5 <17 1/33 
Wholemeal 0-30 5 0-25 1- 25 25 1/17 
Vitamin B, factors other than flavin. Arbitrary units. 1 unit amount 

present in 100 mg. standard yeast 
White, short process 0-28 10 0-59 2-8 59 59 1/22 
White, long process 0-09 10 0-59 0-9 59 59 1/66 
Wholemeal 0-30 10 1-00 3-0 100 100 1/33 


for flavin in flour was that obtained at the same time as the bread was tested, 
that is after 9 months’ keeping. In column (6) are shown the amounts of the 
vitamins in the flour which went to make up 100 g. of bread (dry weight), and in 
column (c) the amounts in 100 g. (dry weight) of the breads. In each of the breads 
the amounts of vitamin B, and vitamin B, factors other than flavin could all be 
accounted for by the quantities supplied by the flour, and this was also true of 
the flavin in the wholemeal bread. An exact comparison of the flavin in the two 
white breads and the flour was not obtained, but the results indicated a similar 
conclusion. 

It does not, therefore, seem that yeast had contributed any significant 
amounts of the B-vitamins to the breads, which is not surprising when it is seen 
what a small amount of yeast, in proportion to the flour, was present. Nor is it 
surprising that little difference should be found between the two breads con- 
taining different amounts of yeast. The only difference found was in the flavin 
contents of the white breads, which contained 0-28 and 0-09 parts of dry yeast 
per 100 parts of flour, respectively. The bread containing most yeast contained 
slightly more flavin. It was perhaps significant that this, the only apparent 
difference, occurred where the proportion of the vitamin supplied by the yeast 
to that supplied by the flour was higher than in any other case (see Table XV, 
last column). 

The nutritional importance of the yeast could only have been significant if 
the yeast had multiplied considerably during the fermentation of the bread. 
Recently it has been shown that some multiplication does occur. Simpson [1936] 
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found that if the yeast did not constitute more than 2 % of the weight of the dry 
ingredients a 100 or 200 % increase might occur, but a 50% increase was more 
usual. The greatest proportion of fresh yeast in our breads was 1% but our 
results do not give evidence of any increase even in the long dough bread where 
the total fermentation time was 10 hr. 15 min., and indeed the maximum increase 
of 200° would scarcely be appreciable, so small were the original amounts of 
yeast. 

The similarity of the vitamin contents of the breads and the flours from which 
they were baked also suggests that there was no appreciable destruction of the 
vitamins during baking. This was only to be expected, as the internal tem- 
perature of the loaves did not rise above 100° and the pH of dough is in the 
range of 5-5-5-9 at which acid reaction even the heat-labile vitamin B, would 
only suffer slow destruction. 

The finding that the addition of yeast and the baking process did not 
materially affect the content of the B-vitamins in bread agrees with the obser- 
vation of De Caro [1936], who also found that wheat and rye flours and the 
breads baked from them gave almost identical values for the vitamin B complex 
content. In his experiments vitamin B, was considered the limiting factor. 
Morgan & Frederick [1935] and Scheunert & Schieblich [1937] also found no 
change in the vitamin B, content of bread during baking. 

Baking powder bread. This sample of bread, made from unbleached, straight 
run, white flour with baking powder instead of yeast as raising agent, contained 
no demonstrable amounts of vitamin B,. The rats receiving this bread in doses 
of 2-7 g. daily all developed polyneuritic symptoms within 21 days and the 
symptoms were cured and growth restored by substituting an equal amount 
of a flour of equal vitamin B, value to that from which the bread was made. 
The rats lost weight while they were receiving the bread and gained an average 
of 14 g. weekly when the flour was given. In this case, it would appear that there 
had been destruction of the vitamin B, in the baking process when a mixture of 
acid calcium phosphate and sodium bicarbonate was used instead of yeast. The 
pH of the dough of a similar baking powder bread was found by Dr Kent-Jones 
to be 6-9-7-2. This is considerably higher than that of bread made with yeast 
(pH 5-5-5-9) and it is possible that 45 min. heating at 100° in this less acid medium 
might destroy some of the vitamin B,. It must, however, be noted that this 
bread was made from flour which had been stored for 18 months and which may 
have deteriorated, although no diminution in vitamin B, value had occurred 
after storage for 12 months. 

The low vitamin B, content found in baking powder bread is interesting and 
suggestive. The result was, however, obtained from one small experiment only, 
and more work is needed before general conclusions can be drawn. 


(3) Vitamin B, in bread in relation to human requirements. 


Two lines of investigation have given some indication of the vitamin B, 
requirements of man. From his studies of the vitamin requirements of various 
species of animals Cowgill [1934] deduced that the needs of any species depended 
on the maximum body weight attained by the species, and the needs of any 
individual on its particular weight and its calorie intake. He expressed his 
results in a general formula. From this formula it can be calculated that a man 
of 70 kg. consuming 3000 calories a day will require about 300 1.v. of vitamin B, 
daily. 
The second and more commonly employed method of determining vitamin 
requirement involves an analysis of the various diets of people who have suffered 
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from established deficiency diseases, and of those in slightly better conditions 
who did not develop the disease. Diets associated with the occurrence of beri- 
beri and those giving protection among similar populations have been thus 
analysed. The difficulty of this method is that there are so few accurate esti- 
mations of the vitamins in foodstuffs, by which to evaluate the various diets. 
In fact it is surprising that with the very inadequate data available concordant 
results have been obtained by different investigators. Cowgill [1934] investigated 
a number of diets recorded by other workers and obtained from them data 
which were in agreement with his formula. Baker & Wright [1936] calculated 
the vitamin B, values of a number of suboptimum and adequate diets, and con- 
cluded that beriberi had occurred with those containing 71-382 1.v. daily, and 
could probably occur with anything under 500 1.v. daily. Stepp et al. [1936] 
considered that 560-1100 1.U. are needed. This last figure is higher than the 
others. 

Two different values for the vitamin B, in fresh white bread were found by 
us, 0-17 and 0-25 1.v. per g., and a value of 0-75 1.U. per g. for wholemeal bread. 
Therefore, 1 Ib. of the white breads contained 77 and 114 1.v. of vitamin B,, 
respectively, and 1 lb. of the wholemeal bread contained 341 1.v. If 1 lb. be 
taken as the amount of bread that may be eaten daily in a rather poor and 
restricted diet, and if 500 1.0. be taken as the minimum amount of vitamin B, 
necessary for man, it appears that white bread may supply about 1/5 of the 
vitamin requirements and wholemeal about 2/3. If, on the other hand, the 
vitamin requirements are only 300 1.v. daily, 1 lb. of white bread will supply 
about 1/3 and 1 lb. of wholemeal the total amount. 

In spite of the relatively low concentration of vitamin B, in bread as com- 
pared with some other foodstuffs, the large amounts that are commonly con- 
sumed may provide a very significant part of the total needs for this vitamin, 
and indeed in the case of wholemeal bread may satisfy the total needs. 

The results obtained with white bread are significant and contradict the 
general conclusion that all white breads contain very little vitamin B,. The 
discrepancy is probably due to the fact that there are considerable variations in 
the vitamin B, contents of different grades of white flour. The white breads 
tested by us and found to contain enough vitamin B, to supply a considerable 
proportion of human requirements are, we are assured, representative of bread 
generally used in England. If there were districts in which the bread was made 
from short extraction patent flour our findings would not apply. In Newfound- 
land, where beriberi has been observed among white bread eaters on a restricted 
diet [Aykroyd, 1930], it seems probable that until recently a very highly milled 
flour was imported for making white bread (private communication from Dr 
Kent-Jones) and it is likely that where flour is required for making bread in 
remote districts the tendency would be to use a flour as highly milled as possible 
to ensure better keeping properties. 

Other investigators have already considered the possibility that white bread 
can supply significant amounts of vitamin B,. Krogh [1931], while considering 
that the white wheaten bread eaten in Denmark was an inadequate source of 
this vitamin, suggested that if the proportion of yeast in the bread was increased 
five times 1} Ib. daily of bread would be adequate. Since in our experiments 
with the white breads containing the most yeast only 1/13 of the vitamin in the 
bread was supplied by the yeast, such an increase would only improve the vitamin 
content by 1/4. This would scarcely seem adequate. 

A number of other investigators have considered the question of improving 
the nutritive value of bread by adding more yeast, but the maximum amount 
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used by us, 1 lb. per 100 lb. of flour, is, we are assured by Dr Kent-Jones [see 
also Eyre, 1933], the largest quantity of active yeast which is commonly em- 
ployed, and more than this, unless special precautions are taken, will interfere 
with fermentation. Dried, inactive yeast can be added, but this produces a 
special bread and is no different from adding any other vitamin-containing 
material. Scheunert [1936] calculated that 280 g. of a wholemeal bread or 600 g. 
of a white bread, made with a flour of 75 % extraction, would supply the vitamin 
B requirements of a man reckoned at a minimum of 300 1.v. a day, but in a later 
paper [Scheunert & Schieblich, 1937], where the vitamin values for the various 
flours and breads were not found to be so high and a higher minimum require- 
ment was adopted, it was concluded that not even a wholemeal bread could 
supply all the vitamin B, needed. 

There are at present no data available for calculating human requirements of 
vitamin B, complex. Since the activity of wheat flours, in so far as the growth of 
rats is concerned, is limited by their relative deficiencies of the flavin component 
of the complex, it is possible that a deficiency of flavin may be the most serious 
nutritional fault of wheat products. 





















SUMMARY 











1. Estimations have been made of the separate members of the vitamin B 
complex in various yeasts and flours and in breads made from them. Rat 
growth methods were employed in testing for each vitamin. 

In the tests for vitamin B, the international standard acid clay adsorbate 
was included for reference, and in tests for vitamin B, complex and its com- 
ponents baker’s yeast (sample IIT) was adopted as a standard. Determinations 
were made of the amounts of the test materials promoting weight increases equal 
to those of 1 1.v. of vitamin B, and to those of various doses of the arbitrary 
standard in the case of vitamin B, complex and its components. The results are 
summarized in Tables IV, IX and XIV. 

2. The brewer’s yeast was richer in vitamin B, than the baker’s yeasts, except 
baker’s yeast II which was specially fortified in this respect. All the yeasts were 
equally good sources of the vitamin B, factors other than flavin, and the variations 
in their flavin contents were not large. The flavin content was the limiting factor 
for growth in two of the baker’s yeasts, including the one from which the 
breads were made. The vitamin B, factors other than flavin were limiting in the 
brewer’s yeast and one baker’s yeast. 

3. The straight run unbleached and bleached white flours were equal and 
fair sources of vitamin B, and there appeared to be no loss of activity after 
12 months’ storage. These flours were representative of the ordinary flours 
commercially used in this country for making bread. A sample of patent flour 
was found to contain no appreciable amounts of vitamin B,. Wholemeal flour 
was about three times as rich in vitamin B, as the straight run white flours. 

Straight run white flour and wholemeal flour were not found to differ very 
greatly in their contents of flavin or of vitamin B, factors other than flavin; 
the wholemeal contained rather more of each constituent. The flours were all 
limited in their growth-promoting activity by their flavin contents which were 
decreased by bleaching and keeping, while the other B-vitamins were not 
affected. 

4. The vitamin B, contents of white breads made by the short or long 
dough processes were equal and about one-third as great as that of wholemeal 
bread. The white bread made with baking powder contained no demonstrable 
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vitamin B,. The wholemeal bread was a rather better source of vitamin B, 
complex and its constituents than white bread but the difference was not so 
marked as in the case of vitamin B,. Flavin was in every case the limiting 
factor for growth when the breads were fed as source of vitamin B, complex. 

5. The breads, when dry weights were considered, contained substantially 
the same amounts of each of the B-vitamins as the flours from which they were 
made, the only exception being the baking powder bread which contained less 
vitamin B, than the flour. The small amounts of yeast used were not sufficient 
to raise the vitamin contents of the breads appreciably above those of the 
flours. No evidence was obtained of synthesis or destruction of B-vitamins in 
the bread-making process with yeast. 

6. The importance of the vitamin B, content of bread in relation to human 
requirements is discussed. The content, although low in comparison with that 
of some other foods, was found to be sufficiently high for white bread to provide 
a significant part of the requirements for this vitamin, bearing in mind the large 
amounts of bread often consumed. 
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advice on all details of milling and baking and his analyses of the materials we 
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CCXXXIII. ON THE DIFFUSION CONSTANTS 
OF THE AMINO-ACIDS 


By ALFRED POLSON 
From the Institute of Physical Chemistry, The University of Upsala, Sweden 


(Received 20 August 1937) 


In connexion with the ultracentrifugal studies of the action of enzymes on 
proteins a systematic investigation was started on the diffusion constants of 
the amino-acids. When ovalbumin was digested with papain, Annetts [1936] and 
Svedberg & Eriksson-Quensel [1934] found that amino-acids were split off during 
the process of digestion and in the ultracentrifuge these amino-acids showed up 
as non-centrifugable material. In order to get an idea of the size of these dis- 
sociation products Annetts made a number of diffusion experiments on them 
and compared the average diffusion velocities so found with those of well- 
defined polypeptides and amino-acids. Since the proteins are constituted of 
only a small number of amino-acids a knowledge of their constants might be of 
great value in their identification. 

The method used for measuring the diffusion constants was that of Lamm 
[1928; 1929; 1937; v. also Lamm & Polson, 1936]. In this method a uniform 
transparent scale is photographed through the diffusion cell. The gradient in 
refractive index at the diffusion boundary produces a distorted image of the 
scale. The scale line displacement is proportional to the concentration gradient 
when the refractive index is a linear function of the concentration. 

The arrangement of apparatus is shown in Fig. 1. 


F 


CBA 


Fig. 1. Arrangement of apparatus for measuring diffusion constants. 


A is a source of illumination (quartz mercury arc lamp), B a filter which 
transmits light of a wave-length not absorbed by the solution examined, C' the 
scale, D the diffusion cell in a water thermostat H, and F the camera. The 
camera. objective has a focal length of 100 cm. and is placed in such a position 
that the scale image has a magnification of about 1. 

The thermostat heating element was a chrome nickel wire 70 cm. long and 
0-03 cm. in diameter. It was heated by a 50-cycle current of 1-5 amp. The water 
in the thermostat was well stirred and its temperature was kept constant to 
within 0-005° by a Vertex contact thermometer. 

The diffusion cell used for the water solutions in this investigation was that 
of Lamm [1937]. The cell is sketched in Fig. 2. The experiments were performed 
as follows. The bottom half of the vertical opening was filled with the solution 
and the slide driven across with the help of the screw arrangement. The solvent 
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was then placed in the top half. After 1 hr. temperature equilibration in the 
water thermostat the slide was drawn out very carefully. A very sharp boundary 


was formed in each case. 


Fig. 2. Diffusion cell for measuring diffusion constants in water. 


Fig. 2a. Diffusion cylinder for measuring diffusion constants in organic solvents. 


The diffusion cell employed for measuring the diffusion constants of substances 
in alcohol solutions is sketched in Fig. 2a. A is a cylindrical vessel with two 
inlet tubes 6 and g. This cylindrical vessel is attached to a well-ground cylindrical 
optically homogeneous quartz tube B. B is connected to a cylindrical tube C 
through a capillary tap and tube. c is a well-ground steel ball with the same 


diameter as the outer diameter of the quartz tube, i.e. 1-2 cm. This steel ball 
moves in a guiding steel framework as shown in the figure. Attached to the 
steel ball c is a thin silk thread. With a clockwork a the steel ball can be raised 
slowly. The rate varies with the diameter of the wheel. 

In performing an experiment the following procedure was followed. The 
cylinder C was filled with mercury which was allowed to run into the cylinder B 
through the stopcock. The rubber stopper e was covered with mercury as shown 
in Fig. 2a. With a thin pipette 2 ml. of the solution to be investigated were run in 
through the inlet 6, on to the mercury in B. By allowing more mercury to run 
into the cylinder B the surface of the liquid was raised to the top of B. The steel 
ball was then dropped on to the solution. 10 ml. pure solvent were run into A 
through the inlet b. 

After half an hour’s temperature equilibration the clockwork was set in 
motion and the steel ball was thereby raised at the rate of 2mm. in 5 min. A 
sharp boundary between the solvent and the solution was thus formed. When the 
ball was well removed from the mouth of the cylinder the mercury was allowed 
to run out slowly through the narrow capillary d. The boundary formed was thus 
lowered in the tube B to a suitable position for photographing. The clockwork 
was stopped and the ball lowered into its position. 

The advantage of using the above described diffusion tube is that the solvent 
or solution never comes in contact with grease from the taps or slides as in the 
other methods. A further advantage is that the volume of solution necessary for 
a determination is reduced to 2 ml. 

This diffusion cell resembles the cell designed by Lamm [1928; 1937] in that 
the boundary between the solvent and the solution is formed on top of the 
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tube B and then lowered to a suitable position for photographing in the tube. 
Lamm [1928] however formed the boundary by allowing the solvent to run on 
to the solution through a tapering end of the cylinder. He then lowered the 
boundary in the cell by a type of water manometer arrangement. He also 
constructed an apparatus in which he formed the boundary by means of a thin 
coarse glass filter on top of the tube B which he then lowered to a suitable 
position for observation. The objection to using a glass filter plate is that the 
solution and the solvent can be mixed up in the pores of the filter during the time 
of levelling, and furthermore it is uncertain whether all the substance is washed 
away from the filter during levelling. 


Method of calculation 


The scale displacements obtained from the micro-comparator readings of the 
distorted scale and a standard reference scale were plotted against the com- 
parator readings of the distorted scale lines (Fig. 3), i.e. the gradient of refractive 
index was plotted against the height. 








Fig. 3. Diffusion gradient curve of a Fig. 3a. Diffusion gradient curve for a 
monodisperse substance. polydisperse substance. 


The photographic line displacement (Z) of any line from its position on the 
undeviated scale [Lamm, 1928; 1929] is given by 


Z=Gab™, 
dz 


where G is the photographic enlargement factor, 
a the thickness of the liquid column in the diffusion cell, 
b the optical distance from the scale to the centre of the tube, 
Z the photographic line displacement, 
and dn/dx the gradient of refractive index at the displaced line position. 


By integration of equation (1) it follows that 


A= [""(Gab 9) d,=Gab (My—%)- wena (2) 


The equation obtained by plotting the scale line displacement against the 
scale lines has been developed by Wiener [1893] and has the form 


-€ 40, 


dn __™%-%_ 
dx 24/(zDt) 
where D is the diffusion constant, 
t the time since diffusion started, 
and_ <2 the distance of a point in the cell from the original boundary. 
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The other symbols have their previous significance. 

Several equations were derived from the above equation from which the 
diffusion constants can be calculated [v. Lamm & Polson, 1936]. For solutions 
of one component the following equation gave the most reliable values: 


p=" (5°) id (4) 


j.=half the distance between the two inflexion points. 


The position of the inflexion points was obtained by dividing the maximum 
height of the curve by -/e. 

l represents the optical distance from the scale to the camera objective. 
b is the optical distance from the scale to the centre of the tube and is frequently 
called the scale distance. The other symbols have their previous significance. 
A more complete account of the methods of calculation is found in an earlier 
publication [Lamm & Polson, 1936]. The diffusion constants of the amino-acids 
investigated here were in all cases corrected to the basis of diffusion in pure 
water at 20° by means of the relation: 


D corr. = Dn,/H29 - as At ie @le Lee (5) 


where 7, is the viscosity of the solvent at absolute temperature 7',,, and 7) the 
viscosity of distilled water at 293° absolute. 

Since the diffusion constants of the amino-acids are relatively large in com- 
parison with the diffusion constants of the proteins great care was taken in 
observing the starting time of diffusion as accurately as possible. The time 
required for drawing out the slide of the diffusion cell was determined and the 
diffusion constants were calculated from the time when the slide was half-way 
across the cell. 

Since the basic and acid dissociations of the amino and carboxyl groups are 
very small the effect of the electric charge upon the diffusion velocity can safely 
be neglected. 

The amino-acids form association products in solution due to the presence 
of the carboxyl and amino groups. This effect explained their anomalous 
depression of the freezing-points [Pfeiffer, 1927] and anomalous refractive 
indices at high concentrations [Frankel, 1930]. From this anomalous behaviour 
of the depression of the freezing-point Loughlin, quoted by Lewis [1931], 
calculated the degree of association of glycine. The association factor increased 
from 4 to 13 % in the interval of concentration 3-0-16-35 %. 

It was thus found necessary to measure the diffusion constants at at least three 
different concentrations and to extrapolate to infinite dilution. However small 
the variations of the diffusion constants in low concentrations seem to be the 
effect should always be considered since the degree of association is different for 
different amino-acids. 

Experimental 


In the following tables are given the results of diffusion experiments on the 
amino-acids at different concentrations in pure water at 20°. The influence of 
salts on the diffusion constants was also investigated in a few cases. 

The influence of salts on the diffusion constant is simply to increase the 
viscosity of the solvent whereby the diffusion velocity is lowered. 

An experiment was performed in order to find out whether there exists any 
difference in the diffusion constants of the optical isomerides of proline. Since 
both isomerides were not available a few determinations were made on /-proline. 
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Table I 

Diffusion of glycine in water at 20° 

Cone. Time 

g./100 ml. in hr. D x 107 em.?/sec. 

0°33 1 94-0 
1-5 94-4 
Average 94-2 
0-66 1-25 92-8 
2-0 93-1 
Average 93-0 
1-00 1 92-6 
2-33 92-0 


Average 92-3 


Diffusion of 0-5°/, glycine in different concentrations of NaCl 


Cone. Time 
NaCl in hr. D x 107 em.?/see. 
20M 1-66 78-1 
2-25 76-0 
Average 77-05 
Corrected according to eq. (5) 92-0 
10M 1-25 84-4 
1-75 84-4 
Average 84-5 
Corrected according to eq. (5) 92-0 
0-5 M 1-50 88-8 
2-50 87-4 
Average 88-1 
Corrected according to eq. (5) 91-8 


The diffusion constant when extrapolated to zero concentration gives a value of 
95-0 x 10-7 cm.?/see. 


Table IT 
| Diffusion of dl-x-alanine in water at 20° 


Cone. amino- 


| acid Time 

g./100 ml. in hr. D x 10? cm.?/see. 

| 0-25 0-33 81-5 

\ 1-5 80-4 

2-25 82-4 

Average 81-4 

0-5 0-7 80-8 

1-25 80-0 

2-0 79-1 

2-5 81-0 

Average 80-2 

1-0 0-33 80-0 

1-5 79-0 

2-25 77:3 


Average 78-8 


Diffusion of 0-5°/, dl-x-alanine in NaCl 


Cone. Time 
NaCl in hr. D x 10? em.?/see. 
0-5 1-5 79-3 
2-5 78-4 
Average 78-8 
Corrected according to eq. (5) 82-1 


When extrapolated to infinite dilution the diffusion constant becomes 82-6 x 10-7 cm.*/sec. 
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Table III. Diffusion of dl-valine in water at 20° 


Cone. valine 


g./100 ml. Time 
solution in hr. 
0-25 1 
1-75 
2-75 
0-5 1 
1-5 
1-0 1:33 
2-0 
3-0 


When extrapolated to infinite dilution the diffusion constant becomes 73-5 x 107 cm.?/see. 


D x 10 em.?/see. 
73-7 
70-7 
72-0 
Average 72-1 
70-9 
70-6 
Average 70-7 
67-3 
68-6 
68-8 
Average 68-2 


Table IV. Diffusion of dl-leucine in water at 20° 


Cone. leucine 


g./100 ml. Time 
solution in hr. 
0-25 0-75 
2-00 
0-5 0-75 
1-75 
2-35 
1-0 2-0 
3-0 


0-5% dl-leucine in 0-5. M NaCl 
0-75 
1-75 
3-00 


Corrected according to eq. (5) this becomes 62-2 x 10-7 cm.?/sec. 


The diffusion constant extrapolated to infinite dilution becomes 63-3 x 10-7 cm.?/sec. 


D x 10? em.?/sec. 
62-9 
63-5 
Average 63-2 
62-5 
59-0 
61-6 
Average 61-0 
61-4 
61-0 


Average 61-2 





61-2 
60-0 
58-0 
Average 59-7 


Table V. Diffusion of dl-proline in water at 20° 


Cone. proline Time 
g./100 ml. in hr. 
0-25 1-16 
1-75 
2-33 

0-5 1-5 

2-0 

2-5 

1-0 2-5 
3-16 


The diffusion constant at infinite dilution =80-1 x 10-7 em.?/sec. 


D x 10" cm.?/see. 


-~1-1 0 
[Eee 
Ooo 


Average 79-4 
79-3 
78-2 
79-3 

Average 78: 


Is] +1 
2 © 
aS © 


Average 77-8 
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Table V (cont.) 
Diffusion of 1-proline in water at 20° 





Cone. l-proline Time 
g./100 ml. in hr. D x 107 cm.?/sec. 

0-5 1-5 80-4 

2-0 78-2 

2-5 81-3 

Average 80-0 

0-5 1-10 80-1 

1-75 78-8 

2-50 79-3 


Average 79-4 


As can be seen from the foregoing tables the difference between the diffu- 
sion constants of dl-proline and J-proline lies within the experimental error, 


i.e. 1-2%. i ; : . 
” Table VI. Diffusion of tryptophan in water at 20° 
Cone. 
tryptophan Time 
g./100 ml. in hr. D x 10° cm.?/see. 
0-25 1-6 60-5 
2-5 61-5 
3-5 59-2 
Average 60-4 
1-0 25 58-3 
3-25 58-7 





Average 58: 
The diffusion constant extrapolated to infinite dilution becomes 61-4 x 10~— cm.?/sec. 


Table VII. Diffusion of arginine in water at 20° 


oO 





Cone. arginine Time 
g./100 ml. in hr. D x 10" em.?/sec. 

0-25 0-75 56-9 

1-75 56-9 

2-5 58-0 

Average 57-2 

1-0 2-03 58-4 

3-00 57-7 


Average 58-0 
The diffusion constant at infinite dilution was taken as the mean of the values at the two 
concentrations, i.e. 57-6 x 10-7 cm.?/sec., since it does not seem to increase on diminishing con- 
centration. 
The diffusion constant of the polypeptide leucylglycylglycine was also 
measured. The results at two different concentrations are given below. 


Table VIII. The diffusion of leucylglycylglycine 


Cone. Time 
g./100 ml. in hr. D x 107 cm.?/see. 

0-25 1-55 47-6 
3-25 46-7 
4-50 45-0 
Average 46-4 
1-0 1-45 45-9 
46-4 
47-2 


Average 46-5 
The diffusion at infinite dilution thus equals 46-4 x 10-7 cm.?/sec. This value compares well 
with the value obtained by Annetts [1936]. 
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Of great interest from a technical point of view is a comparison between the 
diffusion constants reported in the present investigation with the results of 
Mehl [1937] obtained with the porous disk method of Northrop & Anson [1929]. 
The diffusion constants were calculated with reference to the diffusion constant of 
KCl as standard substance for which a diffusion constant of 149-3 x 10-7 cm.?/sec. 
was assumed. 

In the following table the results obtained by the author are compared with 
those of Mehl. The results of Mehl were reduced to 20°. 


Table IX 

Amino-acid Annetts Polson Mehl Mehl/Polson 
Glycine 90-8 95-0 85-13 0-896 
Alanine _- 82-6 72-62 0-879 
Valine -- 73-5 63-42 0-863 
Leucine — 63:3 —- -— 
Proline _ 80-1 72-36 0-903 
Tryptophan 57:3 61-4 _- — 
Arginine _ 57-6 — _ 


Average 0-8825 


From Table IX it is seen that there is not good agreement between the values 
obtained by Mehl and the results here reported. If the values of Mehl were 
divided by a constant, 0-8825, the writer’s results were obtained. There exists 
therefore no doubt but that Northrop’s method can be applied with safety to low- 
molecular substances. High-molecular weight substances give more doubtful 
results since the glass filter discs often become clogged during the manipulations, 
thus making the results less reliable [Hecht et al. 1937]. 

Proline and hydroxyproline are soluble in ethyl alcohol and ethyl alcohol- 
water mixtures. It was of interest to know whether the proline exists in the same 
state in alcohol solution as in water. Two experiments were therefore performed 
with the diffusion cell constructed for organic solvents (Fig. 2a). In the first 
experiment 71-5 % (by weight) ethyl alcohol was used and in the second absolute 


alcohol. 
Table X. Diffusion of 1°/, proline in ethyl alcohol at 20° 


Cone. alcohol Time 


% by wt. in hr. D x 10° em.?/see. 
71-5 0-75 35-9 
1-25 33-4 
2-00 32-5 


Average 33-9 


Corrected for the viscosity of the solvent y/n)=2-315 (eq. (5)) D becomes 78-5. 


99-5 4-08 37-0 
55 36-9 
6-5 36-6 


Average 36-8 


Corrected for the viscosity of the solvent »/y)=1-2 D becomes 44:2. 


From the results obtained in Table X it is evident that proline exists in 
the same state in solution in 71-5% alcohol as in water. In absolute alcohol, 
however, proline most probably forms an association product since the diffusion 
constant is very much lower than in pure water. 

In Fig. 4 a curve is drawn showing the relation between molecular weights 
and diffusion constants of the amino-acids. The diffusion constant of sucrose 
was also added in order to extend the curve. A diffusion constant of 





DIFFUSION CONSTANTS OF AMINO-ACIDS 1911 


44-2 x 10-7 cm.?/sec. it will be seen corresponds to a molecular weight of approxi- 
mately 400. This suggests that the association product of proline in absolute 
alcohol has a molecular weight of three or four times that of proline, i.e. 345 
or 460. 





Glycine 
Alanine 
Proline 
Valine 
Leucine 
Arginine 
Tryptophan 
Sucrose 


onanvrn Wh 





D x 10? cm.?/sec. 


Fig. 4. Variation of the diffusion constants with molecular weight. The scattered points must 
not be regarded as experimental errors of some kind but only to a difference in the shapes 
of the various molecular species, nor may the drawn curve be considered as having any 
theoretical significance whatsoever. 


If the absolute alcohol acted merely as a dehydrating agent in this case, 
evidence of heterogeneity should be obtained from the diffusion curve [v. Lamm 
& Polson, 1936; Lamm, 1937]. The normal curve drawn from the experimental 
diffusion gradient curve should show a departure if the substance under in- 
vestigation is heterogeneous with regard to molecular weight or shape. The 
effect of heterogeneity on the diffusion curve is illustrated in Fig. 3a. With 
proline in absolute alcohol, however, no sign of heterogeneity was obtained. 


SUMMARY AND CONCLUSIONS 


1. The refractory method of Lamm for measuring the diffusion constants of 
substances is described briefly. 

2. A modified form of Lamm’s diffusion tube for organic solvents is intro- 
duced. Instead of forming the boundary between two liquids by means of a 
tapering tube or a porous glass filter, the boundary was formed by means of a 
steel ball and clockwork. 
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3. The diffusion constants of a number of water-soluble amino-acids were 
measured at different concentrations. The diffusion constants were dependent 
upon the sizes of the molecules. The highest diffusion constant was given by 
glycine and the smallest by arginine. The shapes of the molecules play a very 
fundamental role in the diffusion constants. The more stretched the molecule 
is the lower the diffusion constant. This is illustrated by tryptophan and arginine. 
Arginine which is a stretched molecule has a molecular weight of 174 and a 
diffusion constant of 57-6 x 10-7 em.?/sec. Tryptophan on the other hand which 
is a more spherical molecule has a molecular weight of 204 and a diffusion 
constant of 61-4 x 10-7 em.?/sec. 

4. When proline was diffused in an alcohol-water solution of 71-5% the 
molecular state remained the same as in pure water. In absolute alcohol proline 
showed evidence of association. The molecular weight of the association product 
was estimated to be 345 or 460, from the knowledge of the diffusion constants of 
other substances. 

5. The diffusion constants of the amino-acids obtained here were compared 
with the results obtained by Mehl with the porous disc method. Although the 
diffusion constants obtained by Mehl were not the same as the writer’s they were 
at least proportional to the writer’s. This suggests that Mehl used a wrong 
diffusion constant in the calibration of his diffusion cells. 


The author wishes to express his sincere thanks to Prof. Svedberg for sug- 
gesting this research and for the privilege of working in his laboratory. 
The expenses connected with this work were defrayed by grants from the 


Rockefeller Foundation. 
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(Received 31 July 1937) 


MENDEL [1929] made the important discovery that the glucolysis of tumour 
tissue was very strongly inhibited by dl-glyceraldehyde. At a concentration of 
10-3 M it was already maximum. Later it was found [Mendel e¢ al. 1931] that 
this inhibition could be reversed by small amounts of pyruvate, and other 
investigators reported it for various other tissues such as brain. Since then 
glyceraldehydephosphate, first synthesized by Fischer & Baer [1932], was found 
by Embden e¢ al. [1933] to give lactic acid readily in the presence of muscle 
enzymes, and we know now that it occupies an important position in the cycles 
of phosphorylating fermentation. Hence it is rather remarkable that hitherto 
there has been no further study of the inhibition of glucolysis by glyceraldehyde 
itself. 

That dl-glyceraldehyde strongly inhibits the glucolysis of the chick embryo 
has already been shown in the first paper of this series [Needham & Nowinski, 
1937]. It was noticed at the same time, however, that the inhibition was never 
quite complete (av. 93%), and that in the presence of glyceraldehyde the 
autoglycolysis was raised (from 10 to 23%). The meaning of this was not 
immediately obvious since other agents, such as fluoride, can considerably raise 
the autoglycolysis, but in a later work [Needham & Lehmann, 1937] it was 
found that intact embryo or embryo brei can cause glyceraldehyde (estimated 
directly by the method of Ariyama [1928]) to disappear. If glucolysis was 
allowed to proceed simultaneously some 12 % of the added quantity disappeared 
but in the absence of glucolysis a disappearance of as much as 46 % was recorded. 
In this paper it was also shown that the glyceraldehyde inhibition can be 
reversed by hexosediphosphate, since the triosephosphate formed by the aldo- 
lase removes the glyceraldehyde according to the reaction of Meyerhof et al. 
[1936] forming hexosemonophosphate. It was pointed out that glyceraldehyde 
must thus be regarded as a specific inhibitor for non-phosphorylating glucolysis, 
since if phosphorylating fermentation were taking place at the same time its 
effect could not be apparent. 

The object of the present work, therefore, was to elucidate the mechanism 
of the dl-glyceraldehyde inhibition and to determine whether and in what way 
glyceraldehyde takes part in non-phosphorylating glucolysis. 


GLYCERALDEHYDE USED 


The dl-glyceraldehyde used was the Schering-Kahlbaum product. 

A sample of optically active glyceraldehyde was very kindly placed at our 
disposal by Prof. H. O. L. Fischer and Dr F. E. Baer. It was prepared from 
dihydroxyacetone-mannitol according to the method of Fischer & Baer [1936]. 
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The substance was sent to us in concentrated solution from Basel by aeroplane, 
and was in our hands 48 hr. after its preparation. The solution contained 101 mg. 
glyceraldehyde per ml. and had an optical rotation of [x] +9-9°. In the course 
of the following 10 days this value fell slowly to [«]}°+8-0°, after which it re- 
mained nearly constant. The purest preparations of Fischer & Baer’s d-glycer- 
aldehyde had [«]7}°+14-0°. The question therefore arose whether the loss of 
rotation was due to polymerization or racemization. The fact that the number of 
reducing groups remained constant and that the amounts of dihydroxyacetone 
and methylglyoxal present were nil and negligible respectively showed that the 
cause of the falling optical activity was a slow racemization. 











mg. methylglyoxal by the 







Solution tested Ariyama method 
Blank 0 
30 mg. optically active glyceraldehyde 16 days old 0-125 (0-4%) 
30 mg. optically inactive glyceraldehyde 3 days old 0 






mg. calculated from 
reducing power 










Solution tested (Hagedorn-Jensen method) 
0-05 mg. optically active glyceraldehyde 0-05 
0-05 mg. dl-glyceraldehyde 0-045 
0-10 mg. glucose 0-10 
0-10 mg. optically active glyceraldehyde 0-088 
0-10 mg. dl-glyceraldehyde 0-088 
0-20 mg. glucose 0-21 
0-15 mg. optically active glyceraldehyde 0-13 
0-15 mg. dl-glyceraldehyde 0-135 
0-30 mg. glucose 0-29 






The optically inactive glyceraldehyde solution and the glucose solution were 1 day old. The 
optically active glyceraldehyde solution was 14 days old. The rotation of the optically active 


solution was [«]*) +8-0°, ie. 57% of the maximum value. 












To exclude any possible hydrolysis of polymerized glyceraldehyde which 
could have occurred during the boiling in the Hagedorn-Jensen method, we 
checked the reducing power further by the method of Macleod & Robison [1929] 
which is carried out at room temperature, estimates only aldose groups and 
thus allows of the exclusion of dihydroxyacetone as impurity. 









mg. calculated from 
reducing power 





Solution tested (Macleod-Robison method) 
0-5 mg. optically active glyceraldehyde 0-50 
0-5 mg. dl-glyceraldehyde 0-50 
1-5 mg. glucose 1-50 





These control experiments show that dihydroxyacetone was not present as 
impurity, that methylglyoxal was present only to a negligible extent, and that 
polymerization was not taking place. The fall of optical activity was therefore 
due to racemization and the daily determination of [«]?° informed us of the 
exact amount of d- and l-isomerides in our optically active solution at any given 
time. The percentage of d-glyceraldehyde in our solution, if [«]?° be 2, was 
therefore 









\ 


50 (1+), 






since the maximum rotation is + 14-0°. Thus when the rotation was +8-0° the 
amount of d-glyceraldehyde was 78-5°% and that of J-glyceraldehyde was 
21-5%. 
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RELATIVE ACTIVITIES OF THE STEREOISOMERIDES ; l-@LYCERALDEHYDE 
AS THE INHIBITOR 


On adding optically active glyceraldehyde to intact embryos or embryo brei 
in the presence of glucose it was immediately seen that inhibition took place. 
But in order to examine it closely it was necessary to construct curves showing 
the effect at various concentrations. These experiments, which were all made 


Normal 100 
values 


°/, of the 
uninhibited 50: 
glucolysis 


Maximum 

inhibition 

Complete 

a inhibition 
Molarity of glyceraldehyde 


Fig. 1. Glyceraldehyde inhibition of embryonic glucolysis. 
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mg. total glyceraldehyde per 2 ml. brei 
Fig. 2. Demonstration that /-glyceraldehyde is the inhibitor of glucolysis. The broken line is 
drawn for l-glyceraldehyde by calculation from the known composition of the optically active 
mixture. x =4 the dl-values. 


with 43-day intact embryos, and lasted for a standard time (3 hr.), are graphically 
summarized in Fig. 1. The percentages of the Q {* without inhibitor, at the various 
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concentrations, are plotted on an arithlog scale ranging from 10-> to 10-1 M. It 
can at once be seen that the racemic optically inactive glyceraldehyde was a 
much more efficient inhibitor of embryonic glucolysis than the optically active 
glyceraldehyde. For example, at a concentration of 2-10-*M the former in- 
hibited the glucolysis 75 % while the latter only inhibited it 25%. Similarly, the 
inhibition by the former became maximum at 4:10-3M, that by the latter at 
4-10-?.M. Thus the inhibition was most powerful where most /-glyceraldehyde 
was present. The only simple explanation of the facts was that /-glyceraldehyde 
inhibits glucolysis and d-glyceraldehyde not at all. 

This could be demonstrated in the following way. If the glyceraldehyde 
inhibition was always proportional not to the total amount of glyceraldehyde 
added but to the amount of /-glyceraldehyde added, then knowing the amount 
of 1-glyceraldehyde in the optically active solution used each day it should be 
possible to calculate the theoretical inhibition curve for a solution of pure 
l-glyceraldehyde, and this should be identical with a curve showing at every 
point the inhibition attained with double the amount of dl-glyceraldehyde. As 
Fig. 2 shows, this is just what happens. For example, a solution of dl-glyceralde- 
hyde (containing 50 % l-glyceraldehyde) should be up to 2-3 times more powerful 
than a solution of d-glyceraldehyde of rotation [«]?°+8-0° (containing only 
21-5 % I-glyceraldehyde). 

It appears, therefore, that J-glyceraldehyde must be regarded as solely 
responsible for the phenomenon of glyceraldehyde inhibition. 


THE FORMATION OF LACTIC ACID FROM GLYCERALDEHYDE 


Inhibition of glucolysis with glyceraldehyde has always been reported as 
incomplete. At the highest concentrations used by Mendel [1929] in the case 
of tumour, it was not above 90%. Fig. 1 of the present paper demonstrates the 


_same phenomenon; maximum inhibition of embryonic glucolysis is just under 
90 % . We now found that if the concentration of glyceraldehyde which produces 
maximum inhibition of glucolysis is present with embryo enzymes alone, the 
same amount of lactic acid is formed as when glucose is present too. The appar- 
ently incomplete inhibition of lactic acid formation from glucose in the presence 
of glyceraldehyde is therefore due to lactic acid formation from glyceraldehyde 
itself. Thus the 100 % inhibition of glucolysis is masked. 


Exp. 259a. Fresh brei from 7-day embryos; 2-0 ml. brei per manometric cup +0-6 ml. sub- 
strate; time 1 hr. 45 min. at 37°. Bicarbonate etc. as in previous papers. 
pl. CO, pl. CO, 
formation from substrate 


Brei alone 61 —_— 

Brei +10 mg. glucose 730 669 

Brei +10 mg. glucose +30 mg. glyceraldehyde 248 187 

Brei +30 mg. glyceraldehyde 285 224 

Brei + 2-3 mg. pyruvic acid as pyruvate 90 29 

Brei + 30 mg. glyceraldehyde + 2-3 mg. pyruvic 295 234 
acid as pyruvate 


N.B. Glyceraldehyde here used contained 79% d- and 21% I-forms. 


This experiment shows that glyceraldehyde itself produces acid, whether 
glucose is present (and powerfully inhibited) or not. That this formation of 
carbon dioxide was due to real acid production was shown by control experi- 
ments in which glyceraldehyde was added to embryo brei in the manometer 
to which no bicarbonate had been added. 
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The velocity of the acid formation is shown in Fig. 3. It can be seen that 
glyceraldehyde and glyceraldehyde+glucose have identical kinetics of acid 
development. That added pyruvic acid cannot increase the slow acid formation 


600 


17 23 33 48 69 108 123 
Time in min. 
Fig. 3. (Exp. 2594.) Velocity of acid formation pl./hr./2 ml. brei. 


O Glyceraldehyde alone. @ Glucose alone. 
© Glyceraldehyde + glucose. — Autoglycolysis. 


from glyceraldehyde indicates that a dismutation such as that observed in the 
phosphorylation scheme between glyceraldehydephosphate and pyruvate is 
unlikely to be responsible. It may be recalled that this reaction was one of 
those parts of the phosphorylation machinery which was found not to be fully 
laid down in the embryo [Needham & Lehmann, 1937]. 

The production of lactic acid from glyceraldehyde was further checked by 
lactic acid estimations according to Friedemann e¢ al. [1927]. In the following 
experiment a satisfactory correspondence was attained between the amounts of 
lactic acid calculated from the manometer readings and chemically measured. 


Exp. 258. In each cup 2-0 ml. brei, equivalent to half one 7-day embryo. Bicarbonate and gas 
mixture as usual; time 4 hr. Glyceraldehyde contained 79% d-, 21% I-forms. 
Lactic acid, mg. 
mg. pl. CO, —--+vwO 
glyceralde- formed Found, 


hyde added pl. CO, from as from 
to brei formed substrate* ‘ Found substrate 


0 134 —_ 0-4 
10 362 203 ; 0-8 
20 412 227 : 0-9 
30 529 318 ° 1-7 


* Including tipping correction. 


In this last experiment it was striking that no saturation of the enzyme was 
reached, 30 mg. glyceraldehyde giving more gas output than 20, 20 than 10. 
But control experiments with Ringer and boiled embryo brei alone gave no 
acid formation from glyceraldehyde. The observed lactic acid formation there- 
fore involves a true enzymic process. 

Since glutathione is the coenzyme of lactic acid formation from methyl- 
glyoxal, and from glucose if broken down without phosphorylation, the question 
arose whether lactic acid formation from glyceraldehyde needed glutathione as 


Exp. 2596. Brei from 7-day embryos dialysed 14 hr. at 0° against tap water, the water being 
changed several times. Glyceraldehyde 79% d-, 21% 1-forms. pl. gas output in 
1 hr. 40 min. 


Brei alone 5 
Brei + 30 mg. glyceraldehyde 134 
Brei +30 mg. glyceraldehyde + 6-5 x 10-* glutathione 407 
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coenzyme. Experiments with dialysed brei in which the cell integrity had 
previously been destroyed by grinding in distilled water, showed that this was 
in fact the case (Exp. 259 5). 

Another experiment, in which the quantity of glutathione used was varied, 
follows: 


Exp. 260. Brei from 7-day embryos dialysed 18 hr. at 0° against distilled water. Glyceral- 
dehyde as before. ul. gas output 
per hr. 


Brei alone 

Brei +30 mg. glyceraldehyde 

Brei +30 mg. glyceraldehyde + 6-5 x 10-* glutathione 
Brei +30 mg. glyceraldehyde + 1-3 x 10-* glutathione 
Brei +30 mg. glyceraldehyde + 6-5 x 10-* glutathione 


Is GLYCERALDEHYDE AN INTERMEDIATE IN GLUCOLYSIS? 


Since glyceraldehyde gave lactic acid in a true enzymic process, quantitatively 
dependent upon glutathione as coenzyme, the question arose whether glycer- 
aldehyde might be regarded as an intermediate in glucolysis, or whether alter- 
natively either glucose itself or methylglyoxal might be regarded as inter- 
mediates in lactic acid formation from glyceraldehyde. As lactic acid formation 
from glyceraldehyde is much slower than from glucose or methylglyoxal, it 
might be thought that one of the latter alternatives was the more probable. 
Nevertheless we investigated both possibilities. The relative slowness and in- 
completeness of lactic acid formation from glyceraldehyde might be due to the 
lack of some linkage or reaction partner. 

An experiment may first be given in which competition between glucose 
and glyceraldehyde was tried. It was impossible to make such an experiment 


entirely satisfactory since although the enzyme could easily be saturated with 
glucose, this was not the case, as has already been shown, for glyceraldehyde. 
More lactic acid was formed the more glyceraldehyde was present, up to 30 mg. 
per cup (2-6 ml.). Moreover, since our glyceraldehyde contained 21% of the 
l-form, which inhibits glucolysis, an amount of glyceraldehyde had to be chosen 
which did not contain enough of the /-form to inhibit entirely the glucolysis. 


Exp. 269. 2 ml. 7-day embryo brei, plus 0-6 ml. substrate per cup. 
pl. CO, formed from substrate 





ae : aT at ee 
0-60 min. 60-150 min. Whole period 
I. Brei+0-8 d-, 0-2 l- mg. glyceraldehyde 35 22 58 
II. Brei+5 mg. glucose + 0-8 d-, 0-2 l- mg. 120 94 215 
glyceraldehyde 
Il. Brei+5 mg. glucose + 0-2 d-, 0-2 l- mg. 83 54 136 
glyceraldehyde 
IV. Brei+5 mg. glucose 160 126 286 


IIT+I 118 76 194 
II 120 ~ 94 215 


Thus III gives the amount of gas ouput from glucolysis in the presence of 
0-2 mg. l- and 0-2 mg. d-glyceraldehyde. As against IV an inhibition of 25% is 
observed. If now the concentration of /-glyceraldehyde is maintained as before 
(8-5 x 10-4M) while a further 0-6 mg. d-glyceraldehyde is added, making the 
total amount of d- 0-8 mg., and the result compared with the gas output shown 
by brei in the presence of 0-2 /- and 0-8 d-glyceraldehyde alone, then if the paths 
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of lactic acid production from glucose and glyceraldehyde are different, III +I 
should be equal to II. This is seen to be actually the case. 

These results give suggestive evidence against the participation of the 
glyceraldehyde — lactic acid reaction in glucolysis, but rather more conclusive 
experiments are available. 

We used many of the possible “Abfangsmittel” or trapping substances 
known in the literature as combining with aldehydes, in order to fix glyceralde- 
hyde during the process of glucolysis, but never with success. Nor did we ever 
find that glyceraldehyde accumulated (Ariyama method) during periods of 
glucolysis strongly inhibited by iodoacetate or fluoride. We wish to record here 
only our experiments with dihydroxyacetonephosphate as the fixing agent since 
this is the most physiological. The enzyme aldolase [Meyerhof e¢ al. 1936] which 
has been shown to be present in embryo [Needham & Lehmann, 1937] combines 
dihydroxyacetonephosphate with aldehydes. It thus forms dihydroxyacetone- 
phosphate plus glyceraldehydephosphate (the two triosephosphates) from 
fructosediphosphate, or combines dihydroxyacetonephosphate with glyceralde- 
hyde to hexosemonophosphate. Both these processes have been shown to exist 
in the embryo. If therefore glyceraldehyde were formed during vigorous glu- 
colysis, and hexosediphosphate (forming triosephosphate) were added to the 
embryo at the same time, this glyceraldehyde should be partially removed and 
a concurrent loss of triosephosphate and gain of hexosemonophosphate should 
be observed. 

The following experiment was designed to test the matter. 


Exp. 268. 2 ml. brei from 6-day-old embryos +2 ml. M/20 acetate buffer at pH 6-8, main- 
tained 3 hr. in evacuated Thunberg tubes at 37°. 
I. Brei + 2-8 mg. hexosediphosphate P with 0-2 mg. inorganic P. 


IT. Brei +20 mg. glucose. 
III. Brei +20 mg. glucose + 2-8 mg. hexosediphosphate P with 0-2 mg. inorganic P. 


P P 
after after 
Inorganic alkali 180 min. 
r hydrol. Triose P hydrol. HdP P 

mg. mg. mg. mg. mg. 
I 1-07 1-66 0-59 3-81 2-15 
II 0-8 0-8 0 _ — 
Ill 0-07 1-66 0-59 3°81 2-15 


There is therefore not the slightest difference in the distribution of triose- 
phosphate, whether glucose is present or not. 

A second experiment may be adduced in which fluoride was added on account 
of the possibility that, just as in phosphorylated breakdown, fluoride blockage 
occurs after the formation of two triosephosphate molecules from one of hexose- 
diphosphate, so here it might occur after the formation of two triose molecules 
from one of glucose. Possibly glyceraldehyde might have been formed from 
glucose but might have suffered so quick a removal to lactic acid that no oppor- 
tunity would arise for a reaction with triosephosphate. We did not consider 
this very probable since in 3 hr. even a slow process ought, according to the law 
of mass action, to have manifested itself. The details are shown in Exp. 277 on 
p. 1920. 

Thus the addition of 10 mg. glyceraldehyde (VIII) diminishes the triose- 
phosphate formed from the hexosediphosphate by more than 50%; proof that 
the reaction proceeds readily in our conditions. Yet on the addition of 10 mg. 
glucose (VI) the triosephosphate level is exactly the same as in the absence of 
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Exp. 277. Three 6-day, three 7-day and one 8-day embryos were ground to a brei with dis- 
tilled water (15 ml.). Samples contained 1 ml. brei, 2 ml. substrate, M/100 phosphate buffer at 


pH 7-2, and M/100 fluoride. Left for 1 hr. in evacuated Thunberg tubes at 37°. 
Increase in 


Alkali- alkali-labile 
Inorganic _ labile +in- (triose- 
P organic P_ phosphate) P 
Additions mg. mg. mg. 
I 0 Nil 1-25 1-25 — 
II 0 HdP 1-42 1-41 — 
Il 60 Nil 1-24 1-23 —— 
IV 60 HdP 1-49 1-95 + 0-56 
V 60 Glucose 1-27 1-27 0 
VI 60 Glucose + HdP 1-52 2-07 +0-55 
VII 60 Glyceraldehyde 1-17 1-26 +0-09 
Vill 60 Glyceraldehyde + HdP 1-49 1-71 +0-22 


Amounts added: hexosediphosphate P 2-8 mg. with 0-2 mg. inorganic P, glucose 10 mg., 
glyceraldehyde 8 mg. d-, 2 mg. l-forms. 


any glycolysable substrate (IV). We regard this very sensitive enzymic test for 
glyceraldehyde as particularly convincing evidence that during glucolysis no 
stable glyceraldehyde, indeed no aldehyde of any kind, is formed. 

We may here remark that the phosphoric ester deriving from this reaction 
between triosephosphate and glyceraldehyde was apparently not the easily 
hydrolysable Neuberg ester, but that 66°% of the P lost from the alkali-labile 
fraction were found in the fraction (total P by incineration—P hydrolysed in 
180 min. in N HCl), just as would be expected if the Robison ester had been 


formed. 


Is GLUCOSE AN INTERMEDIATE IN GLYCERALDEHYDE FERMENTATION ? 


The next question which arose was whether the slow enzymic breakdown of 
glyceraldehyde was due to a corresponding slow condensation of two molecules 
to one of glucose, similar to the well-known condensations of trioses to hexoses 
in vitro described by Emil Fischer [Fischer & Tafel, 1887; 1890]. For the fer- 
mentation of the ketotriose dihydroxyacetone by Saccharomyces Ludwigii, it 
was shown [Lehmann, 1935] that both hexosemonophosphate and hexosedi- 
phosphate appeared before the dihydroxyacetonephosphate was formed, thus 
indicating that a primary polymerization of dihydroxyacetone is necessary. In 
this case the lactic acid formation from glyceraldehyde ought to be inhibited by 
the same poisons and to the same degree as glucolysis itself. In the earlier 
communications of this series [Needham & Lehmann, 1937], it has been pointed 
out that glucolysis is inhibited by fluoride, but at a concentration different from 
that which stops the formation of phosphopyruvic from phosphoglyceric acid, 
an essential step in the phosphorylation scheme. At 5x 10-°M the latter is 
entirely inhibited; the former only about 45%. Hitherto the inhibition of 
embryonic glucolysis proper by iodoacetate has not been studied (although some 
work has been done on its effect on embryonic respiration [Needham, 1932]). 
Since the reaction in the phosphorylation scheme affected by iodoacetate (the 
dismutation between triosephosphate and pyruvate) is precisely one of those 
most feeble or quite lacking in the embryo, we cannot compare the effects of 
iodoacetate upon phosphorylation and upon glucolysis proper in the embryo 
itself. But we may mention that the glucolysis of the embryo is a good deal 
more sensitive to iodoacetate than the phosphorylating glucolysis of muscle 
extract. In the case of the former, complete inhibition may be attained with 
M/20,000 iodoacetate ; for the latter 1/2000 is necessary. 
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Exp. 263. Brei of 8-day embryos. In each manometric cup 2 ml. of brei and 0-6 ml. substrate 
and additions. Iodoacetate (IAA). 


Gas output per hr. 
pl. 


Brei alone 62 
Brei + 16 mg. glucose 520 
Brei + 16 mg. glucose +2 x 10-*M IAA 13 
Brei + 16 mg. glucose + 1 x 10-?M IAA 15 
Brei + 16 mg. glucose +5 x 10-*M IAA 21 
Brei + 16 mg. glucose +2 x 10-*M IAA 18 
Brei + 16 mg. glucose +1 x 10-*M IAA 51 


It may be remarked that this effect of iodoacetate on glucolysis can hardly 
be due to combination with the —SH groups of the molecules of glutathione 
(though this has been shown to be a necessary coenzyme of glucolysis), partly 
because it shows itself at such low concentrations, and partly because it was not 
possible to reverse it by adding glutathione, in whatever amount. 

On the other hand the formation of lactic acid from glyceraldehyde was 
extremely insensitive to iodoacetate. Details of an experiment follow. 


Exp. 265. Brei of 7-day embryos. In each manometric cup 2 ml. of brei and 0-6 ml. of substrate 
and additions. Glyceraldehyde (24 mg. d-, 6 mg. l-forms) in all cups. 


Gas output per hr. yl. 


ene 
In the presence of 

6-5 x 10-3 M 

Alone glutathione 
Brei alone 61 108 
Brei alone + 4 x 10-3 M IAA 44 102 
Brei alone +2 x 10-°M ITAA 59 119 
Brei alone + 1 x 10-3 M [AA 74 112 
Brei alone +1 x 10-* M IAA 57 118 


It was noteworthy that the very slight inhibition obtained with M/250 iodo- 
acetate was completely reversed by adding glutathione. Moreover, the formation 
of lactic acid from glyceraldehyde was increased by the addition of glutathione 
even in this undialysed brei. 

Another experiment was carried out to test the sensitivity to fluoride of 
lactic acid formation from glyceraldehyde. The action of fluoride as an inhibitor 
of glucolysis has already been discussed. There was not the slightest effect of 
M/50 fluoride on glyceraldehyde fermentation. 


Exp. 279a. Brei of 7-day embryos. Glyceraldehyde 20 mg. (80% d-, 20% I-) added to each 


cup. 
Gas output per hr. 


pl. 
Brei alone 37 
Brei + glyceraldehyde 118 
Brei + glyceraldehyde + .//50 fluoride 138 


The increased gas output in the presence of fluoride may be referred to the pro- 
perty which this substance has of increasing the autoglycolysis [Needham & 
Nowinski, 1937]. In sum, it would appear that condensation of glyceraldehyde 
to glucose followed by glucolysis cannot be the process involved in the fer- 
mentation of glyceraldehyde. 
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Is METHYLGLYOXAL AN INTERMEDIATE IN GLYCERALDEHYDE FERMENTATION ¢ 


The feeble inhibition of glyceraldehyde fermentation by iodoacetate and its 
reversibility by glutathione called to mind the action of iodoacetate on methyl- 
glyoxalase. We therefore investigated the possibility that glyceraldehyde might 
be converted into lactic acid by way of methylglyoxal. 

We first found that if glyceraldehyde was added to an enzyme system 
saturated with methylglyoxal, no additional lactic acid production was observed. 


Exp. 279b. Brei of 8-day embryos; 2 ml. brei and 0-6 ml. additions in each manometric cup. 
20 mg. glyceraldehyde contained 16 mg. d- and 4 mg. /-forms. Gas output in 
25 min. 

pl. 
Brei alone 24 
Brei +2 mg. methylglyoxal (7/100) 182 
Brei + 16 mg. glyceraldehyde 87 
Brei + 2 mg. methylglyoxal + 16 mg. glyceraldehyde 192 


The velocity curves of this experiment are reproduced in Fig. 4. It may be seen 
that although at the beginning the velocity of the glyceraldehyde — lactic acid 


25 
Time in min. 
Fig. 4. (Exp. 279b.) Velocity of acid-formation pl./hr./2 ml. brei. 


© Glyceraldehyde (16 mg. d-, 4mg. l-forms) alone. @ Methylglyoxal alone (2 mg.). 
© Glyceraldehyde + methylglyoxal. — Autoglycolysis. 


reaction is just as high as the methylglyoxal — lactic acid (saturated) reaction, no 
summation of both reactions occurred. This strongly indicates that methylglyoxal 
is an intermediate in glyceraldehyde fermentation by the embryo. 

The next step was to obtain direct evidence as to whether, and under what 
conditions, methylglyoxal is formed from glyceraldehyde. We were able to show 
that when glyceraldehyde is shaken with embryo brei at 37° a substance is 
formed which gives a strong colour reaction in Ariyama’s method for methyl- 
glyoxal estimation. 


Exp. 279c. 20mg. glyceraldehyde (16 mg. d-, 4mg. 1-forms) in 2-6 ml. water or brei of 7-day 
embryos, shaken for 1 hr. at 37°. Methylglyoxal 
(Ariyama) 
mg. 
Glyceraldehyde, initial 0-08 
Glyceraldehyde in Ringer-bicarbonate 0-85 
Glyceraldehyde +2 ml. brei 0-44 


But the substance was formed in the same or, as here, even greater amount, in 
the absence of the enzyme systems, simply by shaking at 37°, because the 
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methylglyoxal was not removed by glyoxalase to lactic acid. Since the trichloro- 
acetic acid extract gave typical iodoform crystals after treatment with alkaline 
iodine solution, it contained the CH,.CO group. Since no acid was formed 
(manometer readings) and there was no diminution in the number of aldehyde 
groups (Macleod-Robison method [1929]), the substance formed could only be 
methylglyoxal. Control experiments showed that under our conditions no non- 
enzymic conversion of methylglyoxal into lactic acid took place. We may 
therefore divide the glyceraldehyde fermentation into two parts: 
CH,OH.CHOH.CHO>CH,.CO.CHO + H,0-CH,.CHOH.COOH. 
Non-enzymic Enzymic 


We are now in a position to return to Figs. 1 and 3 in order to explain 
certain peculiarities which were not before remarked upon. In Fig. 1 it will be 
seen that low concentrations of optically active glyceraldehyde not only do not 
inhibit glucolysis, but actually appear to increase it. This is due to the fact that 
at such concentrations the amount of /-glyceraldehyde present is so small as to 
have no effect upon the glucolysis, while at the same time the d-glyceraldehyde 
forms methylglyoxal, the fermentation of which summates with the lactic acid 
production from glucose. If only d-glyceraldehyde were added the total lactic 
acid production would remain at some level above that due to glucose alone, 
dependent on the velocities etc. of the processes of glyceraldehyde fermentation 
already mentioned. With dl-glyceraldehyde the effect is not seen because, at the 
concentration of J-isomeride at which no inhibition of glucolysis is produced, 
insufficient glyceraldehyde is present to show it. 

Secondly, the initial velocity of glyceraldehyde fermentation, seen in Fig. 3, 
is high because, while the substance was still in the side bulb of the manometer 
cup during equilibration in the thermostat and before tipping, a considerable 
amount of methylglyoxal was formed. This quickly broke down under the 
influence of glyoxalase. 

Discussion 


The fact that /-glyceraldehyde inhibits glucolysis, and that d-glyceraldehyde 
does not, seems to us to be very significant with regard to the mechanism of 
glucose breakdown, since /-glyceraldehyde has the same configuration as the 
naturally occurring /-lactic acid, sarcolactic acid, formed in the body from d- 
glucose. 

That glyceraldehyde is not an intermediate in glucolysis is in agreement 
with the old findings of Sansum & Woodyatt [1916] who reached a similar result 
in the course of their investigations of carbohydrate metabolism in diabetes. 
‘Conceptions of the breakdown of glucose”’, they said, “in which the process is 
depicted as though it proceeded from one fixed molecule to another, are funda- 
mentally inadequate.” 

It will be remembered that the present series of investigations on embryonic 
carbohydrate breakdown took their origin from the question whether glycolysis 
in early developmental stages was not a different and simpler process than that 
described in the well-known scheme of Embden-Meyerhof-Parnas. In previous 
work [Needham & Lehmann, 1937] the following were excluded as stable inter- 
mediates of glucolysis proper; not only hexosediphosphate, triosephosphate, 
phosphoglyceric and phosphopyruvic acids, but also gluconic acid, glyceric acid, 
glycerol, pyruvic acid and pyruvic aldehyde (methylglyoxal). Glyceraldehyde 
now joins this group of substances. 

The exclusion of so many three-carbon compounds as possible intermediates 
reminds us that possibly a process of glucose breakdown other than the formation 





1924 J. NEEDHAM AND H. LEHMANN 


of stable intermediates of this kind may be at work. We might recur to the work 
of Nef [1907; 1910] who obtained glucose from fructose in vitro on treatment 
with strong alkali: 


CH,OH.C:0.CHOH.CHOH.CHOH.CH,OH~CH,OH.CHOH.COH:COH.CHOH.CH,OH. 


He therefore suggested that a shift of the double bond along the carbon chain 
might be an essential step in enzymic glucose breakdown. A temporary optical 
inactivation of an asymmetric carbon atom by the formation of a double 


bond, e.g. CH,0H.CHOH.COH:COH.COH:CH, +H,0, 


and its reactivation as the unsaturated linkage is removed, would make the 
derivation of I-lactic acid (sarcolactic acid) from d-glucose somewhat more 
comprehensible. The final steps would then involve dismutation, hydration, and 
scission at 3:4. It is interesting that certain sugars with double bonds in the 
chain have been shown to be readily metabolized by the mammal [Freudenberg, 
1933; Freudenberg & Felton, 1933]. It has recently been shown that a Cannizzaro 
reaction between two aldehydes may proceed in a medium containing D,O 
without the appearance of any deuterium in the reaction products [Bonh6ffer & 
Fredenhagen, 1937]. Exchange of atoms in the reaction had thus been entirely 
intramolecular. It would be interesting to know whether the lactic acid formed 
from glucose by the glucolytic process studied in this series of papers, if in 
deuterium-containing solution, would show the presence of heavy hydrogen or 
not. The enolization and dismutation involved in a mechanism such as that just 
envisaged might account for the sensitivity of glucolysis proper to fluoride and 
iodoacetate, which also inhibit (though in different concentrations) the enolase 
and the dismutase in the phosphorylation machinery. 


SUMMARY 


1. The inhibition of embryonic glucolysis by dl-glyceraldehyde is due to the 
l-compound only, which corresponds in its configuration to the I-lactic acid 
deriving from d-glucose in the body. The inhibition is complete at 2-5 x 10-°M. 

2. Embryo brei forms lactic acid from glyceraldehyde itself in a reaction for 
which glutathione is a necessary coenzyme. This obscures the 100% inhibition 
of glucolysis by glyceraldehyde. 

3. Glyceraldehyde cannot be an intermediate of glucose breakdown because 
during glucolysis no formation of hexosemonophosphate from added _ triose- 
phosphate is observed, though this reaction readily takes place if glyceraldehyde 
is added. 

4. Condensation to glucose cannot be an intermediate step in glyceraldehyde 
‘fermentation ”’, since it is not inhibited by iodoacetate and fluoride in amounts 
sufficient to inhibit glucolysis. 

5. Glyceraldehyde forms methylglyoxal non-enzymically if shaken at pH 7-2 
at 37°, and this is then converted into lactic acid by glyoxalase. 

6. The possibility of a glucolysis without stable intermediates is discussed. 


The authors take the opportunity of warmly thanking Prof. Fischer and 
Dr Baer for their gift of optically active glyceraldehyde. One of us (H. L.) is 
indebted to the British Fund for German Jewry for a maintenance grant. A 
grant from the Government Grant Committee of the Royal Society partially 
defrayed the costs of this research. 
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Note added 11 October 1937. We would like to suggest that the action of 
glutathione on lactic acid formation from hexosediphosphate in organ extracts 


at 55° [Mawson, Biochem. J. 1937, 31, 1657] is due to a non-enzymic trans- 
formation of triosephosphate into methylglyoxal [cf. Needham & Lehmann, 
Biochem. J. 1937, 31, 1249]. Aldolase, which forms triosephosphate from hexose- 
diphosphate, is stable at that temperature, and under such conditions the 
equilibrium is much in favour of the former. At the same time the former is 
very unstable in alkaline solutions at high temperature, decomposing non- 
enzymically to triose and phosphate. The triose so formed decomposes non- 
enzymically to methylglyoxal, and methylglyoxalase, which is resistant to rise 
of temperature, then converts it into lactic acid. Hence the stimulating effect 
of added glutathione. We believe that Mawson’s effect is due to non-enzymic 
transformations, the second one of which would be identical with that described 
in the present paper. 
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WILLSTATTER and his co-workers [1924; 1926], on the basis of experiments with 
commercial preparations, defined papain as an enzyme which splits proteins 
but does not attack peptones except on activation, e.g. by the addition of HCN 
or H,S. Subsequently, more activators of this kind became known, and numerous 
papers dealing with activation, inhibition and their mechanism have been 
published. As full reviews are available (cf. e.g. Ann. Rev. Biochem. vols. I—v1), 
the extensive literature on this subject need not be discussed here. 

Little attention seems to have been paid in these researches to natural 
conditions, most of the experiments having been carried out with commercial 
preparations and only a few with sap of stored fruits. We undertook therefore 
to study the hydrolytic activity of latex tapped from trees growing under 
natural conditions and of latex preparations. As far as we are aware no such 
investigation utilizing an adequate technique has been carried out before. 
Attention may, however, be directed to the work of Ambros & Harteneck [1929], 
who studied the enzymic properties of the sap of Carica papaya grown in a 
hothouse in Germany. They found that the hydrolytic activity of the latex 
depended upon the state of development of the fruit. Almost ripe fruits yielded 
latex which split only proteins and was without effect on peptones, whereas latex 
from unripe fruits showed activity towards both proteins and peptones, and 
latex from very young fruits showed “full activity”.1 It was further found by 
the same authors that press juice obtained from fruit flesh after complete removal 
of the milky sap contains an activator which enhances the hydrolytic activity 
of the latex or of commercial papain to “full activity”. This activator is 
thermolabile, being destroyed on boiling. As will be seen, their findings differ 
in essential points from our own. 


I. Hydrolytic activity of natural latex (milky sap) of Carica papaya 


Latex of Carica papaya was obtained by tapping hanging fruit of trees grown 
in natural surroundings at the Palestine Government Horticultural Station in 
Jericho. The enzymic properties of this latex were studied in experiments on 
the hydrolysis of gelatin and Witte’s peptone. It was found, in contradiction 
to the accepted definition of papain activity, that the latex hydrolyses Witte’s 
peptone as well as gelatin even without previous treatment with HCN or any 
other reagent. Generally, moreover, the degree of hydrolysis with gelatin was 
found to fall short of that with peptone. Treatment with HCN stimulated both 
actions (cf. Table I and partly also Table II). 

In the first days of keeping, increase in the activity towards gelatin and often 
diminution of the activity towards peptone, accompanied by distinct autolysis 


1 The term “full activity” indicates that addition of HCN does not enhance the activity 


towards proteins and peptones. 
( 1926 ) 
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of the latex, could be observed, but activity towards peptone never fell to 
zero. 


Table I. Hydrolytic activities of latex of Carica papaya towards gelatin 
and Witte’s peptone and the change on keeping 


Increase in ml. V/10 NaOH per 2 ml. reaction mixture after 48 hr. 


Substrates 
a ON 
Gelatin Witte’s peptone 


A c ~ 

Without With Without With 

HCN HCN HCN HCN 

(1) Latex (a) immediately after tapping 0-18 0-45 0-22 0-54 

Latex (b) immediately after tapping 0-24 0-48 0-36 0-48 

Latex about 2 days after tapping (large fruit) 0-17 0-53 0-29 0-58 

Latex about 2 days after tapping (small fruit) 0-09 0-34 0-24 0-46 

(2) Latex (c) 2 days after tapping 0-21 0-34 0-19 0-42 

Latex (c) 4 months after tapping 0-68 0-65 0-30 0-63 

(3) Latex (d) 4 days after tapping 0-11 0-37 0-21 0-49 

Latex (d) 15 days after tapping 0-20 0-24 0-09 0-44 
Reaction mixtures according to scheme given under “ Experimental”. 


No dependence of latex activity or activability by HCN on the state of 
development of the fruit, as found by Ambros & Harteneck [1929], could be 
observed. As a rule latex from fruits of different stages of development showed 
qualitatively identical hydrolysing properties. The quantitative variations ob- 
served seemed to be of an individual nature and not clearly related to the state 
of development. 


II. Hydrolytic activity of preparations obtained from latex 


Besides natural latex, various latex preparations obtained by different 


treatments were studied. 
(1) Treatment with ether. The ether-soluble part of the latex was removed 
by extraction and the aqueous suspension remaining was dried in vacuo at room 


Table II. Hydrolytic activities of different samples of ether-treated latex obtained in 
solid form in comparison with Papayotin Merck 1: 350. Influence of storage 
on activity 

Increase in ml. V/10 NaOH per 2 ml. reaction mixture after 48 hr. 


Substrates 
Gelatin Witte’s peptone 
co ne 
Without With Without With 
HCN HCN HCN HCN 
Natural latex (a) 0-17 0-53 0-29 0-58 
(a) after treatment with ether 0-44* 0-49* 0-48* 0-55* 
Natural latex ca. 14 days after tapping (c) 0-20 0-39 0-50 0-78 
(c) treated with ether (d) 0-33 0-49 0-59 0-74 
(d) after 6 months’ storage 0-26 0-52 0-40 0-60 
(d) after 12 months’ storage 0-32 0-47 0-42 0-71 
Ether-treated latex (e) 0-97* 1-13* 1-64+ 1-647 
Ether-treated latex (f) 0-36* 0-43* 0-42* 0-49* 
Ether-treated latex (gq) 0-14 0-39 0-21 0-53 
Ether-treated latex (h) 0-18 0-35 0-33* 0-41* 
Papayotin Merck (1 : 350) 0-11 0-40 0-14 0-51 
* Almost “fully active”’. + “Fully active”. 
For reaction mixtures see under “ Experimental’’. 
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temperature. By this method, a solid residue (I) which dispersed well in water 
and showed a slightly higher enzymic activity than the natural latex was 
obtained. The activity towards peptone remained higher than towards gelatin. 
Several such preparations showed “‘full activity’ towards peptone and almost 
“full activity” towards gelatin. Storage of dried preparations during some 
months did not cause any considerable loss in enzymic activity. 

(2) Fractionation of the aqueous suspension by centrifuging. The aqueous 
suspension obtained by ether extraction of the latex was separated by centrifuging 
into two fractions: 

(a) The supernatant fluid showing all the enzymic properties of natural 
latex (vide Table III) and giving a strong colour reaction for —SH compounds 
with sodium nitroprusside. 

(6) The centrifugate which initially exhibits activity to both gelatin and 
peptone. On repeated washing with distilled water, however, the ability to 
split peptone disappears, and with it the sodium nitroprusside reaction becomes 
negative, whereas the activity towards gelatin is retained. Both substrates are 
split by the wash-waters. On HCN treatment gelatin hydrolysis by the centri- 
fugate is enhanced and activity towards Witte’s peptone acquired. 


Table III. Hydrolytic activities of (a) supernatant fluid and of (b) washed 
centrifugate obtained from ether-treated latex on centrifuging 
Increase in ml. V/10 NaOH per ml. reaction mixture after the indicated hours 


Substrate: Gelatin 


- = 








fe Y 
Without HCN With HCN 
ec —————_— 7 
Time (hr.) axe 2 20 48 2 20 48 
Supernatant fluid from latex 1 0-15 0-34 0-37 0-21 0-47 0-55 
Supernatant fluid from latex 2 0-13 — 0-24 0-17 = 0-57 
Centrifugate from latex 1 0-07 0-19 0-26 0-20 0-38 0-44 
Centrifugate from another latex —_ 0-10 0-14 — 0-46 0-50 
Substrate: Witte’s peptone 
Without HCN With HCN 
——— ok_—_—_—_—__— 
Time (hr.) ... aS eas 2 20 48 2 20 48 
Supernatant fluid from latex 1 0-27 0-59 0-66 0-32 0-65 0-75 
Supernatant fluid from latex 2 0-17 — 0-35 0-24 aa 0-74 
Centrifugate from latex 1 0-02 0-04 0-06 0-12 0-30 0-35 
Centrifugate from another latex — 0-01 0-04 — 0-22 0-28 


Reaction mixtures according to scheme given under “ Experimental’’. 


It therefore appears that by the procedure described a natural latex fraction 
showing all the features ascribed to “papain” on the basis of experiments with 
commercial preparations has been obtained. This preparation resembled the 
usual description of “‘ papain” also in so far as its behaviour gave some indication 
of a time requirement for maximum activation by HCN, as found for commercial 
papain by Willstatter & Grassmann [1924]. According to them, maximum 
activation is only obtained when HCN and enzyme are allowed to interact for 
some time before mixing with the substrate solution. With natural latex no 
indication for such a time requirement of activation could be demonstrated. 

(3) Treatment of the supernatant fluid with ethyl alcohol. By treating the 
supernatant fluid (2a) with 96 % alcohol, a white precipitate (III) was obtained. 
After several washings with alcohol, the enzymic properties of this precipitate 
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(III) were examined. It proved to be more active than its mother-liquor towards 
gelatin but less active towards peptone. HCN treatment did not enhance 
gelatin cleavage any longef, i.e. the precipitate showed “full activity” towards 
gelatin (vide Table IV). When the residue obtained on evaporating the alcohol- 
soluble fraction of the aqueous solution (2a) was added to (III), the hydrolytic 
power of the system was weakened and the property of “full activity” towards 
gelatin was lost. HCN treatment now enhanced gelatin cleavage up to the 
degree found with (III). It appears therefore that the supernatant fluid contains 
an inhibitor of gelatin cleavage which is removed by alcohol, and which is 
annulled by HCN. After alcohol extraction accordingly, HCN no longer acts 
as activator for gelatin cleavage. 


Table IV. Hydrolytic activity of the precipitate obtained from supernatant 
fluid by alcohol 


Increase in ml. V/10 NaOH per 2 ml. reaction mixture after 48 hr. 


Substrates 


ee 
Gelatin Witte’s peptone 


ie, ee at 
Without With Without With 
HCN HCN HCN HCN 

Supernatant fluid sample 1 0-24 0-56 0-35 0-65 
Ppt. obtained from supernatant fluid 1 0-42 0-46 0-14 0-59 
Ppt. (b) from another supernatant fluid 0-39 0-36 0-18 0-52 
Ppt. (6) +alcohol-soluble fraction of its 0-29 0-44 0-19 0-60 

supernatant fluid 


Reaction mixtures as in previous experiments. 


The experiments reported above suggest that activation or inhibition of 
gelatin cleavage and of peptone cleavage, respectively, are not identical processes. 
Thus alcoholic extraction which raised the hydrolytic power in respect of 
gelatin to ‘full activity” even caused a slight loss in peptone hydrolysis. 


Ill. Hydrolytic action on other substrates 


The hydrolytic power towards substrates, other than gelatin and Witte’s 
peptone, of the ether-treated latex as well as of an alcoholic precipitate prepared 
from stored latex was compared with that of a commercial preparation of papain 
(Merck 1 : 350) (cf. Tables V and VI). The ether-treated latex could split native 
ovalbumin, but, contrary to previous findings by other authors, so also could 
commercial papain, though to a smaller degree. Addition of HCN considerably 
enhanced the activity of both preparations. Serum globulin and serum albumin 
were also split, but activation by HCN in respect of these substrates was less 
marked. 

The casein and gelatin peptones used as substrates were obtained by peptic 
digestion, whilst silk peptone and Witte’s peptone were the commercial pre- 
parations generally used in experiments of this kind by previous authors. Little 
is known about their manufacture and it is possible that they are prepared by 
hydrolysis with dilute acids. It is therefore of some importance that these 
peptones of different origin and preparation do not differ qualitatively among 
themselves in respect of hydrolysis either by our preparations or by commercial 
papain. 

It may be briefly mentioned here in anticipation of a later paper that the 
degree of activity of commercial papain towards different peptones depends 
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Table V. Hydrolytic activities of ether-treated latex towards different substrates 
in comparison with that of Papayotin Merck (1: 350) 
Increase in ml. V/10 NaOH per 2 ml. reaction mixture after 96 hr. 
Substrates 
A ‘ 
Native Native 
White oval- serum Witte’s Gelatin Peptone Casein 
Gelatin ofegg bumin globulin peptone peptone of silk peptone 
Latex treated with 0-29 1-96 0-31 0-14 0-35 0-29 0-31 0-37 
ether 
Latex treated with 0-56 1-90 0-80 0-20 0-73 0-56 0-63 0-60 
ether + HCN 


Papayotin Merck 0-12 107 40:20 O16 O21 O24 O21 0-40 
(1 : 350) 
Papayotin Merck 038 212 095 040 058 044 O52 O51 


(1 : 350) + HCN 
Reaction mixtures as usual. Papayotin Merck: 1 ml. of a 10% suspension; vide note, Table VI. 
Table VI. Hydrolytic activities of an alcoholic precipitate towards 
different substrates 
Increase in ml. V/10 NaOH per 2 ml. reaction mixture after 120 hr. 


Substrates 
A 





a 
Native Native 
serum serum White Gelatin Peptone Casein 
Gelatin albumin globulin of egg peptone of silk peptone 
Alcoholic precipitate 0-70 0-26 0-13 2-02 0-42 0-33 0-49 
Alcoholic precipitate + HCN 0-88 0-30 0-23 3-21 0-62 0-73 0-71 
Reaction mixtures as usual. The exact concentrations of native serum albumin, native serum 
globulin and white of egg were not determined. The alcoholic precipitate was prepared from an 
old latex (sodium nitroprusside reaction positive only in presence of KCN). 


upon the ratio substrate-enzyme concentration. This fact may explain why 
papain was described by previous authors as being without effect on peptones. 


IV. The question of the natural activator 


As mentioned above, according to Ambros & Harteneck the fruit pulp press 
juice should contain a natural thermolabile activator of gelatin and peptone 
cleavage and should sometimes be itself proteolytic. We repeated their experi- 
ments and examined the fruit pulp press juice in respect of proteolytic activity 
and activating effect on natural or ether-treated latex and on commercial 
papain. No stimulation of peptone hydrolysis on addition of juice was found. 
As regards gelatin hydrolysis, there was, except in a few cases, no activation due 
to the juice. A clear explanation of these differences between the experimental 
findings of Ambros & Harteneck and our own is lacking. Significance may 
attach to the fact that Ambros & Harteneck worked with fruits grown in a 
hothouse, while we used fruits grown under natural conditions. However, the 
following observations may be reported. It has been explained above that the 
supernatant fluid obtained on centrifuging the ether-extracted latex retains the 
hydrolytic properties of the latex itself. On boiling, the supernatant fluid loses 
its hydrolytic activity but shows activating properties as regards peptone 
cleavage. On adding boiled supernatant fluid to the centrifugate, which itself 
does not split peptone, the system becomes effective also towards peptone. This 
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activator does not, however, enhance gelatin cleavage by the centrifugate. On 
the contrary, in some cases addition of boiled supernatant fluid to the centri- 
fugate even diminished the activity towards gelatin. 


Table VII. Activating effect of the boiled supernatant fluid on the 
splitting of peptone by the centrifugate 


Increase in ml, V/10 NaOH per 2 ml. reaction mixture after the indicated number of hours 


Substrate: Gelatin 
nines 


fuera rere es 
Without HCN With HCN 











€: on Y 
Time (hr.) 2 18 2 42 48 2 18 42 48 
Centrifugate 1 0-12 — 028 — — — ~— — — 
Centrifugate 1 and boiled supernatant fluid 1 0:06 — 010 — — — ~~ — — 
Boiled supernatant fluid 1 003 — 002 — — —- —- —- — 
Centrifugate 2 — 009 — 017 — — 040 0-41 — 
Centrifugate 2 and boiled supernatant fluid2 — 005 — 009 — — 0:30 0-41 — 
Boiled supernatant fluid 2 — 002 — 003 — — 0-04 0:02 — 
Centrifugate 3 — 010 — — 014 — 046 — 0-50 
Centrifugate 3 and boiled supernatant fluid 3 — 0-20 — — 023 — 017 — 0-40 
Centrifugate 4 — — 034 — 032 — — — — 
Centrifugate 4 and boiled supernatant fluid4 — — 035 — 035 — — — — 

Substrate: Witte’s peptone 
, 
Without HCN With HCN 

c on c : \ 
Time (hr.) +3 as a ee - 2 18 2 42 48 2 18 42 48 
Centrifugate 1 005 — 007 — —- —- —- — — 
Centrifugate 1 and boiled supernatant fluid1 0:15 — 020 — — — — — — 
Boiled supernatant fluid 1 004 — 004 — —- —- —- —- — 
Centrifugate 2 — 004 — 007 — — 0-22 0:27 — 
Centrifugate 2 and boiled supernatant fluid2 — 012 — 018 — — 0-22 0:29 — 
Boiled supernatant fluid 2 — 006 — 005 — — 003 007 — 
Centrifugate 3 — 001 — — 004 — 0-22 — 0-28 
Centrifugate 3 and boiled supernatant fluid 3 — 030 — — 0-26 — 0-24 — 0-26 
Centrifugate 4 — — 006 — 006 — — — — 
Centrifugate 4 and boiled supernatant fluid4 — — 038 — 042 — — — — 


Reaction mixtures as usual. 


This indicates that the aqueous fraction of the latex contains a thermostable 
activator of cleavage of peptone but not of gelatin. In respect of the chemical 
nature of the peptone cleavage activator it may be significant that the super- 
natant fluid shows a strong colour reaction with sodium nitroprusside and that 
this reaction also persists after boiling. 

Unlike our activator, that found by Ambros & Harteneck in the fruit pulp 
press juice was completely destroyed by boiling. It is noteworthy that the 
natural activator described here is confined in its effect to peptone cleavage. 
This fact, as well as the behaviour of the precipitate obtained by alcohol 
treatment of the supernatant fluid (cf. Table IV), suggests that activations of 
the latex in respect of gelatin and peptone cleavages respectively are not 
identical processes. 

These questions as well as that of the chemical nature of the activator will 
be dealt with in a future paper. 

{XPERIMENTAL 


The latex was obtained from the source mentioned under I. The fruits were 
scratched with a horn spatula and the milky viscous liquid was collected in 
flasks. Generally within a short time it turned into a gel. Latices of fruits of 


different sizes were collected separately. The latex was found to contain about 
122—2 
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11% of solids; 1-7 % of latex weight could be extracted by ether; 8-9% could 
be precipitated by alcohol. The fresh latex showed a strong colour reaction with 
sodium nitroprusside. It decolorized methylene blue in Thunberg flasks. 

The substrates used were (a) gelatin “‘Golddruck”; (b) peptone ‘‘ Witte” 
(Schering-Kahlbaum); (c) ovalbumin, prepared by us according to Serensen’s 
method ; (d) serum albumin obtained from serum by saturating with (NH,),SO,, 
washing and dialysis; (e) serum globulin, by half saturation with (NH,),SO,, 
washing and dialysis; (f) native white of egg; (g) peptone ex casein (prepared by 
peptic digestion of casein) ; (2) gelatin peptone (obtained in the same way as (g)) ; 
(i) silk peptone (J. D. Riedel A.G.). 

The buffer solution was M/5 disodium citrate, pH 5, prepared according 
to Sgrensen, this pH having been found by Willstatter & Grassmann [1924] to 
be optimum for gelatin cleavage. 

HCN activation. In the first stages of the present investigation HCN activa- 
tion was carried out according to Willstaétter & Grassmann [1924], ie. by 
allowing the HCN to act on the enzyme for 2 hr. before adding the substrate 
solution; later it was found that this procedure did not increase the activation, 
and accordingly the substrate was added immediately after the HCN. 

Reaction mixtures. The reaction mixtures contained generally: 5ml. 3% 
substrate solution, 1 ml. enzyme suspension equivalent to 1g. latex, 5 ml. 
buffer solution, 2 ml. 3° HCN (or water) and water to 15 ml. 3 ml. toluene 
were added. 

Determination of hydrolysis. The solutions were kept at 37° and the rate of 
hydrolysis determined by Serensen’s formaldehyde titration with V/10 NaOH 
in 2 ml. portions using microburettes. In all cases appropriate controls were 
carried out; the figures in the tables are the observed changes for 2 ml. reaction 
mixture after deduction of the control values. It was ascertained that the 


formaldehyde titration gives practically the same results as the titration of 
Willstatter & Waldschmidt-Leitz with alcohol. 

The hydrolysis with all the substrates was mainly effected within the first 
24 hr., and was practically ended after 48 hr. 


SUMMARY 


1. Latex of Carica papaya splits both gelatin and peptone. 

2. No dependence of activity or activability by HCN on the stage of 
development of the fruit was observed. 

3. Different preparations obtained from latex were studied: 

(a) Ether-treated latex showed a higher activity towards peptone and 
gelatin than the untreated latex. Several dried preparations showed “full 
activity’ towards peptone and almost “‘full activity”? towards gelatin. 

(b) Ether-treated latex was separated by centrifuging into 

(i) supernatant fluid, exhibiting the enzymic properties of natural latex, 
and 

(ii) centrifugate showing the features generally attributed to “‘papain”’, 
i.e. activity towards gelatin, and activity towards peptones only on activation. 

(c) On treatment with alcohol, the supernatant fluid (i) yields a precipitate 
which is “fully active” towards gelatin, but less active than the supernatant 
fluid towards peptone. 

4. A number of different proteins and peptones were studied in respect of 
their hydrolyses by our preparations and by commercial papain. 

5. No activator of cleavage of gelatin or peptone was found in the fruit 
pulp press juice. 
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6. The supernatant fluid contains a thermostable activator of peptone but 


not of gelatin cleavage. 
7. Activations of gelatin and, peptone cleavage respectively appear to be 


distinct processes. 


Our thanks are due to the Department of Agriculture of the Palestine 
Government and especially to Mr A. Rosenberg for active help in collecting 
the Carica papaya latex. 
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EARLY experience in the British navy went to show that 1 oz. lemon juice, 
corresponding to 15 mg. ascorbic acid, was the daily dose required to protect 
adults from scurvy. Géthlin [1931], using the capillary resistance test as 
criterion, found 20-30 mg. daily necessary to protect from latent scurvy. Recent 
work on the metabolism of ascorbic acid, made possible by Tillmans’s method of 
titration with dichlorophenolindophenol, has indicated much higher figures. 
Van Eekelen [1936] estimated the necessary daily dose for an adult of 70 kg. as 
high as 60 mg. under normal conditions. This quantity, however, corresponding 
to the vitamin C content of 120 ml. lemon juice, would appear to be excessive, 
and therapeutic observations of the writer are in support of this conclusion. 


A patient suffering from moderately severe scurvy was treated with intravenous injections of 
40 mg. daily of ascorbic acid in hospital while receiving a diet practically free of vitamin C. During 
a control period prior to treatment his symptoms progressed; but they diminished as soon as 
treatment began. In the course of 5 days there was a great improvement in the patient’s condition; 
after 2 weeks the symptoms had almost disappeared, and the lowered capillary resistance had 
become normal [Schultzer, 1933]. 

The question of the saturation point with ascorbic acid was determined in three patients, also 
suffering from moderately severe scurvy [Schultzer, 1936]. The word “saturation” is employed 
in the sense defined by Johnson & Zilva [1934], saturation being attained when with ingestion of a 
constant amount of ascorbic acid the daily excretion in the urine becomes roughly constant. Large 
daily doses of ascorbic acid, 300-600 mg., were given, the times taken to produce saturation in the 
3 patients were 5, 2 and 3 weeks and the total quantities of ascorbic acid administered prior to 
saturation were 9-5, 7-0 and 14-4 g., respectively. The patient who required the largest quantity 
received the acid orally, whereas the other two received it intravenously. 

In these cases although saturation was only reached after some weeks, the symptoms began to 
subside and the capillary resistance became normal in a few days. The clinical histories of these 
three patients were thus similar to that of the earlier case which was cured by the relatively small 


dose. 


From the above observations two questions suggest themselves: (1) Is the 
quantity of ascorbic acid needed for saturation a measure of the quantity required 
to satisfy the body’s reserves? (2) Is saturation any criterion for the clinical 
treatment for scurvy? The following observations on a scurvy patient treated 
at the Kommunehospitalet in Copenhagen are an attempt to answer these two 
questions. 

PRESENT INVESTIGATION 

The technique employed was the same as in the earlier investigations 
[Schultzer, 1936]. The patient was immediately put on a vitamin C-free diet 
which had previously been shown to promote the development of scurvy. The 

1 Supported in part by the P. Carl Petersen Foundation, Copenhagen. 
( 1934 ) 
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urine was titrated for vitamin C by Tillmans’s method as modified by Harris & 
Ray [1935]. The capillary resistance was tested before and after treatment by 
Géthlin’s method. 


The patient was an unmarried man, 65 years of age, of body wt. 63 kg. and previously of good 
health. Inquiries elicited the fact that his daily diet had been extremely deficient in vitamin C. 

He complained of pains in the gums and tiredness and presented a typical picture of scurvy, 
of about the same degree of severity as the patients previously investigated by the writer. There 
were marginal gingivitis, suffusions and petechiae in the skin, oedema especially on the legs, an 
exudate in the right knee accompanied by pain and greatly reduced mobility. The capillary 
resistance was lowered to 18 petechiae. The blood examination revealed a slight simple anaemia 
(Hb, 77%, Sahli). There was no thrombopenia. Ewald’s test meal was given twice and indicated 
achlorhydria. The temperature was slightly raised, not exceeding 38°. The systolic blood pressure 
was 110 mm. 


Control pre-experimental period. After the patient had been put on the 
vitamin C-free diet in hospital the daily excretion of ascorbic acid was determined 
over a control period of 1 week. In this period, during which he was kept in bed, 
the oedema of the right leg subsided to some extent but the pain increased, and 
the knee became so tender that it could not be moved. The gingivitis was un- 
changed. At the end of the control period the capillary resistance was still low: 
22 petechiae. The temperature was still slightly raised. 

Experimental period. A daily dose of 40 mg. ascorbic acid was given intra- 
venously. It was dissolved in 8 ml. water just before use and the solution 
was brought just to boiling-point and quickly cooled before injection. A loss of 
about 10% activity is allowed for this boiling. 

The progress of this man was exactly the same as that of the patient described 
in 1933, who received similar treatment. The scurvy symptoms began to subside 
immediately, and in the course of about a week the patient was clinically cured. 
The day after the first injection he stated that the pains were greatly diminished, 
and 2 days later the petechiae were gone and the suffusions had decreased in 
extent. The temperature was normal after 3 days. There was improvement in 
the gingivitis in 4 days and entire disappearance in a week. The mobility of the 
right knee improved rapidly. Table I shows the capillary resistance and the 


Table I. Capillary resistance and passive flexion of right knee under 
treatment 
Maximum passive 

Day of No. of petechiae flexion of 

treatment (Géthlin) right knee 
1 22 0 
5 15 90 
7 110 
9 125 
ll 150 
15 180 
18 — 


increase in the maximum passive flexion of the knee under the treatment. On 
the eleventh day the capillary resistance was normal and remained so. The 
temperature, which during the control period was slightly raised, became 
norma]. The haemoglobin percentage (Sahli) rose from 77 to 90 during the 
treatment, without other medication. 
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The urinary excretion of ascorbic acid 


The pre-experimental period. In the 7 days of the pre-experimental period the 
patient had an average output of 11 mg. ascorbic acid per 24 hr., about the same 
as the patient showing the lowest output in the 1936 observations. The results 
of these are included in Table II for purposes of comparison. The day-to-day 
variations were not great and the weekly average can be taken as trustworthy 
evidence of the excretion. 


Table II. 24-hr. urinary excretion of ascorbic acid, in mg. The figures are 
the averages for the period (1 week) 


Patient No.1 Patient No.2 Patient No. 3 Patient 


(1936) (1936) (1936) (1937) 

(1) Before treatment 13 19 25 11 
Daily dose of ascorbic acid ... 300 mg. 300 +300 mg. 600 mg. _ 40 mg. 

intravenous intravenous oral intravenous 
(2) After treatment: 

lst week 15 24 27 ll 

2nd week 13 157 89 16 

3rd week 32 302 188 17 

4th week 54 321 229 26 

5th week 70* — —_— 28 


* In the last 24 hr. of this period the output was 199 mg. 


In the present patient saturation was reached after three weeks’ treatment, 
during which the 24 hr. output rose from 11 to 17 mg. After this it was constant 
at 26-28 mg. in the fourth and fifth weeks. 

Thus the clinical cure was complete in about 1 week, whereas saturation did 
not occur till the fourth week. There was a similar relation between clinical cure 
and saturation in the earlier observations when large doses of ascorbic acid were 
given (Table II). 

Subsequent high dosing with ascorbic acid. When the point of saturation had 
arrived it was not feasible to keep the patient in hospital, but as it was possible 
to rely on his intelligent co-operation, it was arranged for him to receive high 
doses after discharge. He attended the hospital every afternoon, bringing his 
24 hr. urine specimen, and received an intravenous injection of 600 mg. ascorbic 
acid. The result of this subsequent high dosing is illustrated in Table III. 


Table III. Subsequent high dosing with daily intravenous injection of 
600 mg. ascorbic acid after attaining saturation on a dose of 40 mg. daily 


Excretion of ascorbic 


Day of acid in 24 hr. 
treatment in mg. 
1 52 
2 110 
3 149 
4 123 
5 169 
6 233 
7 268 


There was an immediate reaction with a higher output of ascorbic acid, and 
saturation was reached after 5 days (see Table III). This confirmed an earlier 
observation of the writer on six young men receiving adequate amounts of 
vitamin C [Schultzer, 1936]. 
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Discussion 


The experience of the British navy was that 30 ml. lemon juice daily 
(=15 mg. ascorbic acid) was an adequate preventive dose against scurvy for an 
adult. Géthlin [1931] recommended a higher figure, 40-60 ml. lemon juice 
(= 20-30 mg. ascorbic acid) to protect the organism from latent scurvy as shown 
by lowered capillary resistance. It is clear from the observations of Géthlin [1931] 
and of the writer [1934, 1, 2] that lowered capillary resistance occurs in individuals 
living on a diet deficient in vitamin C. 

Recently, however, the excretion of ascorbic acid in the urine has been 
employed as a means of determining the minimum daily requirement. Van 
Eekelen determined the daily human requirement by giving large doses of 
ascorbic acid, 250 or 500 mg. daily with periods of no addition, until saturation 
was attained. The total quantity of ascorbic acid necessary before saturation 
was reached, divided by the number of days required, was taken as the daily 
requirement. This calculation, which is of doubtful validity, gave the daily 
requirement of a man of 70 kg. as 60 mg. ascorbic acid. The writer’s experiments 
show the basis of this calculation to be untenable, seeing that the total quantity 
of ascorbic acid necessary to reach saturation depends upon the size of the daily 
dose given. On larger daily doses of ascorbic acid scurvy patients studied by the 
writer [Schultzer, 1936] took from 7-0 to 14-4 g. before they were saturated ; the 
time taken varied from 3 to 5 weeks. The patient described in the present paper 
received the relatively small dose of 40 mg. per day, became saturated in 
23 days after ingestion of a total quantity calculated at only 0-83 g. That this 
patient was actually saturated is clear from his record during a subsequent period 
of high-dosing with 600 mg. daily (Table III), when there was an immediate 
increase of output with saturation after 5 days. This result showed the reaction 
of a normal individual [Johnson & Zilva, 1934; Guldager & Poulsen, 1935; 
Schultzer, 1936]. It is evident that such experiments with large doses of ascorbic 
acid give no trustworthy information as to the reserves or requirements of the 
organism or any evidence as to the fate of the ingested ascorbic acid. 

Strictly speaking, these conclusions apply only when the ascorbic acid is 
administered parenterally. When the ascorbic acid is given by the mouth, there 
are other complications, as for example the loss in the gastro-intestinal tract. 
and the greater disposition of patients with achlorhydria to develop vitamin C 
deficiency may be significant [Schultzer & Griis, 1935]. 


SUMMARY 


1. The urinary excretion of ascorbic acid has been studied in a patient with 
scurvy of moderate severity. 

2. In a pre-experimental period in which a vitamin C-free diet was given, 
the average daily excretion of ascorbic acid was found to be 11 mg. 

3. In an experimental period on the same diet with administration of 40 mg. 
ascorbic acid daily intravenously, there was a rise to 16 mg. in the urinary output 
of ascorbic acid in the second week; saturation, in the sense of Johnson & Zilva, 
occurred in the fourth week, with a 24-hourly excretion of 26 mg. 

4. These findings are compared with previous findings of the author on other 
patients with scurvy of similar degree, who received ascorbic acid in much larger 
quantities, from 300 to 600 mg. daily. 

5. No difference was found in the time required for obtaining saturation, 
whether the dose of ascorbic acid was large or small. 
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6. It is concluded that saturation tests of this kind offer no means of esti- 
mating the reserve stores of ascorbic acid in the organism or of estimating the 
daily requirement of ascorbic acid. 

7. 40mg. ascorbic acid daily were found to be an adequate curative dose if 
injected intravenously. It is therefore suggested that the daily human require- 
ment may be less than this dose. 
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THE fundamentals of the distillation and precipitation procedures involved in the 
determination of methylpentoses were investigated and discussed in Parts III 
and IV of this series [Marshall & Norris, 1937] in which it was shown that under 
the usual conditions of distillation a large and varying amount of methylfurfur- 
aldehyde was destroyed, partly by oxidation but mostly by action of the acid 
used. The effects of distillation may be controlled within much narrower limits 
if the concentration of the acid is stabilized by the addition of excess of sodium 
chloride. Titrimetric methods of determining methylfurfuraldehyde in the 
distillate were found to be unsatisfactory especially if mixtures containing 
pentoses and hexoses in addition to methylpentoses were under examination. 
Of the usual precipitants employed, phloroglucinol, thiobarbituric acid and 
possibly barbituric acid were found to be fairly satisfactory but the discovery of 
acetone in distillates from rhamnose, for example, rendered undesirable the use 
of 2:4-dinitrophenylhydrazine and also of titrimetric methods. 

In the present communication we seek to establish relationships between 
methylfurfuraldehyde and rhamnose and the precipitates obtained with the 
first three reagents above, and by comparison of standard errors to determine the 
most suitable precipitant to employ. The method of treatment was precisely 
similar to that described for pentoses in Part II of this series [Angell et al. 1936] 
and the strictures on standardization and the need of individual] determination 
of relationships stressed in that paper remain valid in the present instance. 
Furthermore, since, when working with substances giving rise to methylpentoses 
it is necessary to employ salt with the acid in distillation, the relationships 
between furfuraldehyde, the pentoses and their precipitants under these con- 
ditions have been determined anew and found to differ from those obtained when 
acid only is used as distillation medium. Finally, attempts have been made to 
determine relationships for various simple pentose and methylpentose mixtures. 


EXPERIMENTAL 


The distillation procedure employed was based on the findings of Parts III 
and IV [Marshall & Norris, 1937] and the apparatus used was described in Part IT 
[Angell et al. 1936]. The exact procedure may be summarized as follows. 

( 1939 ) 
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A weighed quantity of the sample was distilled with 100 ml. 13-15% hydro- 
chloric acid in the presence of 22 g. sodium chloride. Distillation was maintained 
at the rate of 25 ml. in 10 min., and acid was added accordingly until 350 ml. of 
distillate were obtained. 

All samples were of the highest purity attainable and were added as aliquots 
of a standard solution in 13-15 % hydrochloric acid, except in the case of pectolic 
acid, which, being insoluble, was added in weighed portions. Where methyl- 
furfuraldehyde was determined directly a known weight of the freshly distilled 
liquid was made up to 350 ml. with 13-15 % acid. 

Precipitation was carried out according to the methods for each particular 
reagent given in Part IV. 

In the following tables are shown the weights of methylfurfuraldehyde, 
anhydrorhamnose, furfuraldehyde, anhydroarabinose, anhydroxylose and 
pectolic anhydride, as carbon dioxide (indicated by MeF, R, F, A, X and C, 
respectively) and the corresponding weights of precipitate with phloroglucinol, 
thiobarbituric acid and barbituric acid (P, 7’ and B) from which the equations 
shown later were calculated. Where four results only are given, each of these 
represents the average of four closely agreeing determinations, sixteen experi- 
ments being performed in all. 


Table I. *Methylfurfuraldehyde 


Wt. of MeF Wt. of ppt. P Wt. of ppt. 7’ 
g. g- &- 
0-0279 0-0430 0-0608 
0-0575 0-1055 0-1213 
0-1149 0-2222 0-2467 
0-1671 0-3209 0-3622 


Table II. Anhydrorhamnose 
Wt. of R Wt. of ppt. P Wt. of R Wt. of ppt. 7 Wt. of R Wt. of ppt. B 


se 5 g- g- g 
0-0404 0-0246 0-0405 0-0376 0-0402 0-0150 
0-0605 0-0476 0-0801 0-0784 0-0804 0-0568 
0-0804 0-0669 0-0801 0-0766 0-1212 0-0908 
0-0800 0-0664 0-0811 0-0777 0-1609 0-1316 
0-1205 0-1061 0-1203 0-1161 — — 
0-1602 0-1398 0-1208 0-1158 — — 


— — 0-1605 0-1577 — — 


Table III. Furfuraldehyde 
Wt. of F Wt. of ppt. P Wt. of F Wt. of ppt. 7’ 


g. g. g- 
0-0252 0-0451 0-0212 0-0488 
0-0505 0-0966 0-0423 0-1008 
0-1009 0-1958 0-0982 0-2373 
0-1514 0-2930 0-1269 0-3181 

— — 0-1692 0-4244 


Table IV. Anhydroarabinose 


Wt. of A Wt. of ppt. P Wt. of A Wt. of ppt. 7 Wt. of A Wt. of ppt. 7 


g. g. g. g. g. g 
0-0438 0-0409 0-041 0-0526 0-0441 0-0416 
0-0876 0-0885 0-0884 0-1111 0-0884 0-0985 
0-1297 0-1344 0-1324 0-1744 0-1324 0-1475 


0-1785 0-1875 0-1763 0-2287 0-1763 0-1990 


rn rr“ suai 
a 
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Table V. Anhydroxylose 
Wt. of X Wt. of ppt. P Wt. of X Wt. of ppt. 7 Wt. of X Wt. of ppt. B 


&- g &- & g- g 
0-0442 0-0507 0-0444 0-0679 0-0444 0-0543 
0-0884 0-1083 0-0891 0-1399 0-0882 0-1151 
0-1326 0-1657 0-1315 0-208] 0-1316 0-1727 
0-1769 0-2199 0-1757 0-2763 0-1757 0-2396 


Table VI. Pectolic anhydride, as carbon dioxide 
Wt. of C,  Wt.ofppt.P Wt.ofC, Wt. ofppt.7  Wt.ofC, Wt. of ppt. B 


&- & &- & &- g 
0-0219 0-0349 0-0224 0-0465 0-0239 0-0396 
0-0227 0-0363 0-0224 0-0470 0-0233 0-0378 
0-0233 0-0365 0-0237 0-0510 0-0242 0-0389 
0-0246 0-0387 0-0223 0-0475 0-0466 0-0845 
0-0463 0-0767 0-0420 0-0904 0-0464 0-0831 
0-0466 0-0771 0-0466 0-0999 0-0439 0-0792 
0-0471 0-0773 0-0422 0-0922 0-0449 0-0800 
0-0474 0-0773 0-0455 0-0977 0-0689 0-1286 
0-0690 0-1150 0-0695 0-1515 0-0692 0-1290 
0-0685 0-1130 0-0679 0-1475 0-0681 0-1266 
0-0703 0-1173 0-0668 0-1466 0-0686 0-1281 
0-0686 0-1134 0-0689 0-1515 —_ — 


The relationships derived from the above experimental results are expressed 
in the following equations, numbered seriatim after those given in Part IT. 


(i) Phloroglucinol as precipitant : 
(9) Methylfurfuraldehyde: MeF =0-5 P + 0-0053 + 0-0017. 
(10) Anhydrorhamnose: R= 1-0433 P + 0-0118 + 0-00032. 
(11) Furfuraldehyde: F =0-5098 P + 0-0016 + 0-00079. 
(12) Anhydroarabinose: A =0-9187 P + 0-00625 + 0-00006. 
(13) Anhydroxylose: X =0-783 P + 0-00397 + 0-00103. 
(14) Pectolic anhydride, as carbon dioxide: C, =0-5888 P + 0-0015 + 0-00032. 


(ii) Thiobarbituric acid as precipitant : 
(15) Methylfurfuraldehyde: MeF =0-4605 T + 0-00078 + 0-0010. 
(16) Anhydrorhamnose: R= 1-00747 + 0-00267 + 0-0011. 
(17) Furfuraldehyde: F =0-3922 T + 0-00277 + 0-00123. 
(18) Anhydroarabinose : A =0-7442 T + 0-00485 + 0-00188. 
(19) Anhydroxylose: X =0-62937' + 0-0013 + 0-00044. 
(20) Pectolic anhydride, as carbon dioxide: C,=0-45 7 +0-00117 + 0-00038. 


(iti) Barbituric acid as precipitant : 
(21) Anhydrorhamnose: R= 1-048 B + 0-0236 + 0-0027. 
(22) Anhydroarabinose: A =0-8446 B+ 0-00755 + 0-00197. 
(23) Anhydroxylose: X =0-7122 B+0-0064 + 0-0019. 
(24) Pectolic anhydride, as carbon dioxide : C, =0-5025 B + 0-00436 + 0-00014. 


Relative accuracy of the three precipitants. The relative accuracy of the results 
summarized in the foregoing equations is proportional to the squares of the 
standard errors. Examination shows that the relative accuracy of barbituric 
acid as a precipitant is very low, except in the case of pectolic anhydride, which 
is quite anomalous, and in general this precipitant appears to be the least 
satisfactory of the three. 

Comparison of the standard errors in the above series with those obtained for 
the series in Part II (wherein the distillation was carried out without added 
salt) shows that these are of the same order; but there is a balance in favour of the 
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salt distillation method. In general, whilst this is essential for products yielding 
methylfurfuraldehyde, it is desirable also for those yielding only furfuraldehyde. 
Moreover, the two sets of equations were submitted to the ‘“‘t” test of Fisher 
[1932] and in every case it was found that there was a significant difference 
between the coefficients of the equations derived from data by the salt distillation 
method and those of the corresponding equations obtained where the distillation 
method did not involve added salt. 

Mixtures containing methylpentoses. In general, the analysis of mixtures con- 
taining methylpentoses in addition to pentoses, uronic acids and/or hexoses, is 
more complex than that of other mixtures described in earlier parts of this series. 
The errors accumulate very rapidly as the number of constituents increases, and 
with the methods of analysis at present available it is not profitable to examine 
systematically all the possible mixtures. 

In the meantime, the remaining notes based on laboratory experience may 
be of use in the case of the simpler binary mixtures. 

Mixtures of methylpentose and uronic acid. This case should present little 
difficulty and may be treated on similar lines to those indicated in Part II for 
mixtures of arabinose and uronic acid, for example. Artificial mixtures distilled 
(with addition of salt) and precipitated with phloroglucinol (or thiobarbituric 
acid) would yield results whereby the general equation MeP=aP+bC+c 
could be deduced. Since P and C are known (P=wt. of precipitate, C=wt. of 
carbon dioxide from uronic acid), MeP is readily calculated. The effect of 
hexoses on the determination could also be shown as already described. 

Mixtures of methylpentose and hexose. Mixtures of this type also may be 
treated without great difficulty. The presence of hexose is likely to influence the 
final result in two ways: (a) it may increase or decrease the yield of methyl- 
furfuraldehyde from the methylpentose ; (6) it may yield appreciable amounts of 
w-hydroxymethylfurfuraldehyde which is precipitated by phloroglucinol. The 
first effect will be fully compensated by mathematical treatment of the results 
obtained from the usual series of artificial mixtures. This also applies to the 
second effect which may, however, be rendered negligible by the use of thio- 
barbituric acid which does not precipitate the hydroxy-derivative. 

Mixtures of methylpentose and pentose. This is the commonest type of binary 
mixture and the one most difficult of analysis, since there appears still to be no 
really satisfactory method of determination. Experiments were carried out 
with artificial mixtures of rhamnose and arabinose, using phloroglucinol and 
thiobarbituric acid as precipitants with the following results. 


Table VII 
Phloroglucide Thiobarbituric acid ppt. 
Anhydro- Anhydro- ne rman 
arabinose rhamnose Found Calculated* Found Calculatedt 
&- g- &- &- &- &- 
0-0615 0-0563 0-1028 0-1028 0-1284 0-1282 
0-0615 0-1126 0-1553 0-1567 0-1801 0-1852 
0-0615 0-1689 0-2056 0-2107 0-2231 0-2411 
0-1230 0-0563 0-1710 0-1697 0-2093 0-2108 
0-1230 0-1126 0-2200 0-2237 0-2526 0-2679 
0-1230 0-1689 0-2689 0-2776 0-3128 0-3238 
0-1845 0-0563 0-2391 0-2366 0-2835 0-2934 
0-1845 0-1126 0-2875 0-2906 0-3452 0-3505 
0-1845 0-1689 0-3268 0-3445 0-3837 0-4064 


* The figures in this column are the sums of the weights of phloroglucide obtained from 
arabinose and rhamnose according to equations (10) and (12). 
{ Similarly calculated from equations (16) and (18). 
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Comparison of the ‘‘found” and “calculated” values shows that the yield 
of precipitate obtained from the mixture is generally lower than the sum of the 
yields to be anticipated from the individual components, that the discrepancy is 
greater for increasing weights of precipitate, and that it is usually greater for the 
thiobarbituric acid precipitate than for the phloroglucide. 

Apart, then, from the objections already raised to the method of Ellett & 
Tollens [1905], this fact indicates a further inaccuracy. For even supposing the 
original distillation procedure were satisfactory, and the separation of furfur- 
aldehydephloroglucide from methylfurfuraldehydephloroglucide by alcohol ex- 
traction absolute, the fact remains that the residual phloroglucide is not a true 
measure, by the factors originally suggested, of the arabinose in the mixture. 

From the results of Table VII equations of the usual type have been deduced: 


(25) A =0-00637 + 0-9441 P —0-806 R + 0-0033. 

(26) A=0-00215 + 0-7641 7 —0-675 R + 0-0041. 

The standard errors for the determination of the mixtures are much higher 
than those for single substances. In view of these errors the equations may not 
be used in combined form for determining A and R; moreover, they both express 
the results of the same fundamental process, namely, precipitation. 


Discussion 


At the present stage in our investigations we have endeavoured to show that 
by suitable stabilization and control of the distillation procedure, it is possible 
to determine methylpentoses, of which rhamnose has been utilized as the 
prototype, with greater accuracy than hitherto. Where the methylpentose is one 
member of a binary mixture it is still possible to determine this component pro- 
vided that the other component is susceptible of independent determination, as 
in the case of a uronic acid. We are unable, at present, to suggest an absolute 
method for determining pentose and methylpentose in admixture, although in- 
vestigations on this point are still proceeding. An approximate assay may be 
made as follows: Parallel distillations (salt-hydrochloric acid) are made, the 
distillates being precipitated with phloroglucinol and with thiobarbituric acid. 
The phloroglucide is extracted with alcoho] and the residual phloroglucide 
calculated approximately from the equations (e.g. for arabinose, equation (12)). 
Equation (18) is then used to calculate the weight of thiobarbituric acid pre- 
cipitate corresponding to the arabinose. The difference between this and the 
total thiobarbituric acid precipitate gives that due to rhamnose (e.g.) which may 
then be calculated by means of equation (16). The cross calculation to thio- 
barbituric acid precipitate is made since the method could then be applied when 
hexose is also present. Admittedly the results are still only approximate and 
subject to the strictures previously mentioned, yet they are still likely to be 
more accurate than those by the earlier methods. For, by standardizing and 
stabilizing the distillation conditions, the extent of decomposition of the methyl- 
furfuraldehyde is strictly controlled and the conditions approach very closely 
those under which the original determinations for standardization were made. 

It is opportune at this point to discuss briefly one or two points which have 
arisen since the present series was commenced. It may be emphasized that our 
experiments have dealt solely with single substances and simple mixtures of 
pentose, methylpentoses and uronic acids as they most frequently occur in cell- 
wall products. We believe that the accurate proximate analysis of natural 
products such as straw, wood etc., is quite impossible with existing methods of 
analysis and that the customary statement that a given substance yields a 
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certain percentage of furfuraldehyde is virtually meaningless. It is not yet 
possible to state accurately the proportions of furfuraldehyde derived from 
pentose and uronic acid respectively from such complex substances, owing to 
the many factors exerting disturbing effects on the results. In dealing with 
simple mixtures, phloroglucinol still appears to be the most satisfactory pre- 
cipitant, whilst thiobarbituric acid is useful in some cases. Nevertheless, it is 
not surprising that Campbell & Smith [1937] find difficulties in the use of the 
latter in the analysis of woods, since the distillate from woods must contain a 
most complex mixture of substances, any or all of which may have a disturbing 
effect on the results obtained and may also be responsible in part for the physical 
difficulties they encountered. 

The above workers appear to be under the impression that we have adversely 
criticized the work of Kréber [1901] although this was not our intention, since 
Kréber’s work is to be regarded as classic. Our criticisms were levelled rather at 
the modern practice of the method in that two essential features of the original 
method appear to have been overlooked : (a) Kréber’s tables were constructed for 
single substances in pure condition; they have since been applied without correc- 
tion to the most diverse and complex mixtures; (6) his apparatus and method 
were standardized but have since been modified by workers who nevertheless still 
employ his original tables. Campbell & Smith themselves use an apparatus 
which is not identical with that of Schorger [1926] and this again differs from 
that of Kréber. Nevertheless it is readily admitted that errors introduced in this 
manner are of no great significance as compared with those necessarily involved 
in the analysis of woods (in contrast to that of single substances or simple 
binary mixtures). 

Iddles & French [1936] have studied the determination of methylfurfur- 
aldehyde and conclude that phloroglucinol, thiobarbituric acid and 2:4-dinitro- 
phenylhydrazine are equally satisfactory as precipitants. In Part IV of this 
series we found that the latter was unsuitable, and it may be pointed out that 
the results of Iddles & French were based on direct precipitation of pure methyl- 
furfuraldehyde and not on that of the distillates arising in the usual method of 


determination. 
SUMMARY 


1. Using the improved distillation methods advocated in earlier papers of 
the series, the relationships between furfuraldehyde, arabinose, xylose, pectolic 
anhydride, methylfurfuraldehyde and rhamnose, and the precipitates formed by 
the distillates with phloroglucinol, thiobarbituric acid and barbituric acid are 
determined. 

2. Phloroglucinol is found to be the best precipitant; thiobarbituric acid is 
also suitable in some cases, while barbituric acid is the least satisfactory. 

3. Suggestions are made with reference to the analysis of simple mixtures of 
methylpentoses with pentoses and/or uronic acids. The analysis of methyl- 
pentose and pentose mixtures is not yet satisfactory. 
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In the course of investigations, to be published elsewhere, on the pectin and 
pectic acid of the flower of the hop, it was established that these conformed in 
general physical and chemical properties to the products obtained from more 
usual sources, such as the citrus fruits, turnip, beet etc. In order to demonstrate 
this similarity, a number of different methods of preparation were adopted and a 
number of different sources of pectic substance utilized, with the result that 
some comparison of the products obtained by different methods was possible. 
In addition some attempt has been made to explain the mechanism of the 
various methods of extraction and, since it has become obvious that theories 
of the constitution of pectic substances require some revision, suggestions on this 
point have been made. 
EXPERIMENTAL 


Pretreatment of material 


Orange peel. After drying and mincing, the peel, weighing 660 g., from some 
60 ripe oranges, was placed in a percolator [Liston & Dehn, 1933] and extracted 
for 24 hr. with 95 % alcohol and with further fresh alcohol until the extracts were 
colourless. The peel was then extracted with water and again dried. 

Apple. 2250 g. of apples were peeled, cored and minced and then treated 
exactly as described above for orange peel. The air-dried pomace weighed 50 g. 
In addition a large sample of apple pomace remaining after cider manufacture 
was available and was utilized in some preparations of pectin. 

Beet. Beet shavings, obtained after use in a beet-sugar factory, were dried 
and used direct in the preparations. 

Hops. 10 kg. of fresh hop flowers were air-dried at about 50° for 4-5 days 
and then ground to a suitable fineness in a Christie and Norris laboratory mill. 
1-8 kg. of the ground hops were placed at the earliest moment in 101. of 95% 
alcohol to arrest enzyme action. The mass was poured through a muslin bag 
which was placed in an extractor of a semi-continuous type, similar to that 
described by Morris [1933] and extracted with warm 95 % alcohol for 10-12 hr. 
each day for 9 days. The alcohol was then expressed in a hand press and the 
hops allowed to stand in 13 1. of methyl alcohol in which they were extracted for 
8 days. The methyl alcohol was likewise expressed and the hops then placed in 
5 1. round-bottomed flasks, covered with ether and extracted under reflux for 
3 hr. After repetition of the ether extraction the hops were finally dried in air 
and were ready for further treatment. Prior to extraction of pectin the dried 
hops were extracted exhaustively with water at room temperature, at 45-50° 
and at 95°. Kilned hops were also used and treated similarly throughout. 
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Preparation of pectin 


(1) Aqueous extraction under pressure. The dried material was stirred into 
ten times its weight of water in a beaker of suitable size and the mixture heated 
in the autoclave at 110° for 1 hr. After expression of the liquid the process was 
repeated and the combined extracts poured into 84% alcohol containing 5 ml. 
of concentrated hydrochloric acid per litre, so that the final concentration of 
alcohol was not less than 70% [Morris, 1933; Ehrlich, 1932]. The precipitated 
pectin was redissolved in distilled water, filtered and precipitated three times, 
the final filtration being conducted through washed kieselguhr between layers of 
filter-paper pulp. The product was then dried. In this manner samples of pectin 
were obtained from orange peel, apple pomace, fresh hops and kilned hops 
(samples A—E). 

(2) Extraction with ammonium oxalate. Four extractions with 0-5% am- 
monium oxalate solution at 80-85° for 1 hr. each produced a large volume of 
extract which was concentrated under diminished pressure to about 31., from 
which the pectin was precipitated with acid alcohol. The precipitate was 
redissolved in the minimum of water, treated with chloroform and dialysed for 
2 weeks. This protracted dialysis was necessary, despite frequent changes of 
distilled water without the membrane, owing to the accumulation of ammonium 
oxalate in concentration. At the conclusion of dialysis, the pectin was repreci- 
pitated twice and finally dried in the usual manner [Norris & Schryver, 1925]. 
This method was used for preparations from orange peel, fresh and kilned hops 
{samples F, G, H). 

(3) Extraction by the method of Ehrlich [1932]. Beet shavings and kilned 
hops were used in the preparations by this method. Two portions of 500 g. each 
of the dried material were placed in enamel vessels with 10 1. of water and main- 
tained at 50-55° for 1 hr. The extract was filtered off through muslin and then at 
the press. Extraction at the same temperature was repeated until the extracts no 
longer gave a positive «-naphthol reaction. The heating was then continued with 
fresh additions of water at 75° and the extracts again removed. Finally, the 
material was boiled for 1 hr. with three successive additions of water and the united 
extracts filtered. 

In the case of one batch, the extracts were concentrated at as low a tempera- 
ture as possible until the volume was reduced to 51. This concentrated extract 
was then precipitated as already described and the product purified and dried 
as usual (samples J,, K,). 

The extracts from the second batch were also concentrated, but in this case 
the process was allowed to go to completion, giving a yellow-brown dry residue. 
This was boiled under reflux with successive additions of fresh 75 % alcohol until 
the alcoholic extracts no longer gave a positive orcinol reaction. The residue 
insoluble in 75% alcohol became lighter in colour; it was dissolved in 11. of 
water, filtered through kieselguhr and precipitated by pouring into 21. of 95% 
alcohol containing 50 ml. of concentrated hydrochloric acid. Purification and 
drying then proceeded as usual (samples J,, K,). 


Analytical methods 
Ash: by heating to a white ash of constant weight at dull red heat. 
Uronic anhydride : by the apparatus of Dickson et al. [1930] modified by Norris 
& Resch [1935]. 


Re RR RE SEER A MMI SN ee 





PECTIN AND PECTIC ACID 1947 


Furfuraldehydephloroglucide : by the method of Kréber [1901] using a modified 
apparatus. Anhydroarabinose, A is obtained from the equation 
A=0-9942 P—1-9081C +0-01313, 
where P=phloroglucide and C=carbon dioxide from uronic anhydride. An- 


hydrogalactose is obtained by difference [Angell e¢ al. 1936]. 
Methoxyl: by the method of Zeisel [1886] as modified by Campbell [1932]. 


Analysis of pectin preparations 


The results of analysis of the samples prepared as indicated are shown in 
Table I. 
Table I. On an ash-free basis 


Non-urone 
— ST SS 
Uronic Anhydro- Anhydro- 
Ash Methoxyl anhydride Total arabinose galactose 
Source and sample % % % % % % 
Autoclave treatment 
Orange peel A 0-38 9-6 71-1 19-3 11-7 7-6 
Apple B 0-70 11-4 70-2 18-4 14-0 4-4 
Apple pomace C 3-98 10-0 76-2 13-8 10-4 3-4 
Fresh hops D 2-84 7:8 71-2 21-0 8-3 12-7 
Kilned hops E 10-37 5-9 60-8 33-3 9-4 23-9 
Ammonium oxalate extraction 
Orange peel F 0-21 9-4 73-3 17-3 16-5 0-8 
Fresh hops G 0-98 3-7 776 18-7 11-1 7-6 
Kilned hops H 1-36 4-0 86-1 9-9 1-2 8-7 
Ehrlich method: alcoholic precipitation 
Beet J, 0-50 8-3 71-7 20-0 9-8 10-2 
Kilned hops K, 8-82 5-6 50-0 44-4* 12-5 31-9* 
Ehrlich method: complete evaporation 

Beet a 1-44 83 73-3 18-4 13-4 5-0 
Kilned hops Kg 1-57 4-9 63-2 31-9* 4-4 27-5* 


* These samples were found to contain appreciable amounts—up to 7°,—of proteins; hence 
the anhydrogalactose and total non-urone figures carry a larger error than usual. 


Presence of araban in pectin preparations 


Indirect evidence of the presence of araban, soluble in 70-75% alcohol, in 
several of the preparations was obtained as follows. The sample was boiled 
under reflux with approximately 70% alcohol for several hours, at the end of 
which the pectin was separated at the centrifuge. This procedure was carried 
out ten times with fresh alcohol for each extraction. The alcoholic residue on 
concentration gave positive results to tests for the presence of arabinose, and 
galactose and/or galacturonic acid. The residual pectin was dried and analysed 
as usual, and in one case the uronic anhydride and anhydroarabinose contents had 
changed from 60-8 and 9-4 % respectively in the original pectin to 70-2 and 3-6 %, 
in the alcohol-treated product. In another case the change was from 73-3 and 
13-4% to 80-4 and 4-9 % uronic anhydride and anhydroarabinose respectively. 

The complete experimental results for pectin are discussed later. 


Preparation of pectic acids 


(1) By the method of Clayson et al. [1921]. The cell-wall material, pretreated 
as described, was mixed with 4°% sodium hydroxide which was subsequently 
completely removed by washing and pressing. The material was then extracted 
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twice with hot 0-5°% ammonium oxalate. From the combined extracts the 
pectic acid was precipitated by the addition of concentrated hydrochloric acid. 
Purification of the gel was effected by washing in 40-50 % alcohol until the wash 
liquid was free from chlorides. The gel was then redissolved in the minimum of 
dilute ammonia and reprecipitated with hydrochloric acid; the re-solution and 
re-precipitation were carried out five times with thorough washing before drying 
as usual. In this way pectic acids were prepared from turnip, marrow, lemon 
albedo, beet shavings and kilned hops. 

(2) By alkali hydrolysis of prepared pectins. For this preparation orange peel 
pectin (A), apple pectin (B), kilned hop pectin (K,) and a commercial citrus pectin 
were used. The pectins were dissolved in distilled water to a concentration of 
1% and then made alkaline by addition of sodium hydroxide to a concentration 
of 0-2%. After standing, the pectic acid was precipitated by adding the 
minimum quantity of hydrochloric acid necessary to effect complete precipita- 
tion. The mixture was allowed to stand overnight, filtered and washed with 
quantities of water until washing became difficult by reason of the tendency of 
the gel to disperse. Re-solution of the gel in ammonia and re-precipitation in 
hydrochloric acid were repeatedly carried out as described in method (1) above 
until the purified gel reached the drying stage. 


Analysis of pectic acids 
By the methods previously mentioned the composition of the samples of 
pectic acid obtained was determined as in Table II. Full discussion of these 


Table II. On an ash-free basis 


Non-urone 

a OOOO 

Uronic Anhydro- Anhydro- 

Ash anhydride Total arabinose galactose 

Source and sample % % % % % 
(i) From tissue by NaOH and oxalate extraction 
Turnip L 0-54 75-6 24-4 12-5 11-9 
Marrow M 2-11 86-8 13-2 5-0 8-2 
Lemon peel N 0-28 74-0 26-0 15-9 10-1 
eet ,P 0-38 64-0 36-0 22-6 13-4 
Kilned hops Q 2-00 84-4 15-6 5-0 10-6 
(ii) By alkali hydrolysis of prepared pectin 

Orange peel (A) R 1-15 89-6 10-4 N.d. N.d. 
Apple (B) 8 0-00 93-2 6-8 N.d. N.d. 
Citrus (commercial) T 1-44 92-4 76 3-0 4-6 
Kilned hops U 0-79 87-2 12-8 0-2 12-6 


results is included at a later stage; for the purposes of the experimental section 
it must be pointed out that the varying composition of pectic acids by method (i) 
above was quite unexpected, since Clayson et al. [1921] had apparently established 
the constancy of composition of pectic acid. Since two reagents—sodium 
hydroxide and ammonium oxalate—are used in the preparation, it was decided 
to examine the effect of varying times of standing with the reagents on the 
composition of the pectic acids produced. The experiments which follow were 
carried out with hops, but since the pectic substances of hops conform to type as 
shown by the preceding results and by Fink et al. [1935; 1936], the results may be 
presumed to be of general application. 

Effect of duration of alkali treatment. Six batches of the same bulk samples of 
pretreated cell-wall material, each weighing 50 g. were used. To each batch 
500 ml. of water were added and the mixture allowed to stand for 19 hr. With 
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thorough stirring, 500 ml. of 8% NaOH were then added to each and the alkali 
subsequently removed at the end of the following periods: 30 min., 6, 12, 25, 98 
and 193 hr. The removal of NaOH was accomplished by pouring the mixture on 
to muslin on a Biichner funnel, the liquid being removed by suction as far as 
possible. The funnel was filled at least twice with distilled water and drained 
thoroughly each time; 300 ml. of N acetic acid together with 400 ml. of water 
were then added, the acid being more than sufficient to neutralize the remaining 
alkali. The “period of standing’ with alkali was measured from the time of 
addition of alkali to that of the dilute acid. The mass was then washed with large 
quantities of distilled water until there was little or no reaction to litmus paper. 
Finally each batch was separately treated with 500 ml. of 1 % ammonium oxalate 
at 85-90° for 14 hr., after which the filtered extracts were precipitated, the pectic 
acid being purified and dried as usual. The effect on the composition of the pectic 
acids of varying times of alkali treatment is shown in Table III. 


Table III. On an ash-free basis 


Time of alkali Uronic Anhydro- Anhydro- 
treatment Ash anhydride arabinose galactose 
hr. % % % 0/ 
0-5 1-47 86-4 53 8-3 
6 0-95 88-5 4-0 8-1 
12 1-19 90-6 3-1 6-3 
25 0-86 91-0 N.d. N.d. 
98 1-06 90-5 N.d. N.d. 
193 0-58 88-5 3-8 7:7 


The effect of increasing the period of alkali treatment is evidently at first to 
increase the uronic anhydride content of the products, this reaching a maximum 
which remains approximately constant for 12 hr. treatment or longer, but falls 
off again for prolonged treatment of over a week or more. Clearly, however, 
these analyses bear little relation to those of Table II (i) and the length of time of 
standing with alkali is not a factor in the lowering of uronic anhydride content of 
the pectic acids. 

Effect of duration of oxalate treatment. Fresh samples of cell-wall material were 
treated for a standard period with alkali and then exhaustively extracted with 
hot ammonium oxalate, the combined extracts being precipitated and the pectic 
acids dried and analysed as usual. It at once became evident that prolonged 
treatment with ammonium oxalate is the cause of low uronic anhydride content, 
a typical hop pectic acid obtained in this manner having the composition: 
uronic anhydride 70-0°%; anhydroarabinose 4-7 %; anhydrogalactose 25-3 % ; 
ash 1-23%. 

This is closely similar to the composition to be anticipated from the work of 
Clayson etal. [1921] and of Nanjietal. [1925] but it now appears that such composi- 
tion is only attained after prolonged treatment with ammonium oxalate and that 
short and incomplete extraction gives products of similar physical properties 
but of differing constitution. 

Discussion 


It is still not possible to define within narrow constitutional limits exactly 
what is meant by pectin. It becomes increasingly obvious that pectin is a com- 
plex mixture of substances having largely similar properties. There are abrupt 
differences in composition of pectins derived by different methods from similar 
sources. It is probable that the usual sample of pectin consists of a central 
nucleus of galacturonic acid units to which arabinose and galactose units may 
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be chemically attached. In accordance with modern views on polysaccharide 
structure, it is probable that the members of this central nucleus are united in 
chain formation ; but in addition to this there must be varying amounts of araban 
and galactan or arabogalactan which are held to the main nucleus by physical 
forces. The amounts of added araban and galactan appear to vary with the 
source and method of extraction of the pectin. Although Ehrlich [1935] has made the 
most important and sustained contributions to the chemistry of pectin, his 
suggested structures involving units of four uronic acid residues in ring forma- 
tion cannot be accepted in the light of modern research on carbohydrate structure 
and the subtle differences in anhydride and lactone structure claimed for certain 
of his preparations appear to rest on the somewhat inadequate foundation of 
titration experiments. 

The mechanism of extraction is correspondingly far from clear. It would 
appear that all methods of extraction give products which contain added araban 
or galactan, although the higher uronic anhydride content of ammonium oxalate- 
extracted pectins would appear to show that this method yields pectins in which 
there is less araban in physical combination. If, in fact, there is a chemically 
combined uronide nucleus then it will be seen that the action of extractants may 
alter the composition of the prepared pectin in at least two ways: (a) the 
extractant acting on the cell-wall substances dissolves out the central pectin 
nucleus together with varying quantities of araban or galactan, the resulting 
pectin being of lower uronic anhydride content owing to “dilution” with non- 
urone constituents; (b) the extractant may react not only on the cell-wall 
material but on the extracted pectin, removing non-urone constituents with the 
result that the final product contains a higher uronic anhydride content and a 
correspondingly lower non-urone content. It may be tentatively suggested that 
aqueous extraction acts in the first manner, whilst ammonium oxalate is an 
extractant of the second type. It should be pointed out, however, that where 
the material has already been treated by autoclave, subsequent ammonium 
oxalate extraction yields a pectin very heavily “diluted” with non-urone 
constituents. 

The application of the methods of Ehrlich to beet shavings gives pectin of 
similar composition to that by other methods, but does not seem well suited to 
the case of hops. The hop pectins K, and K, show a very heavy dilution of the 
main uronide complex with araban and galactan. 

The effect of the long period of boiling involved in the Ehrlich method is 
doubtless to produce a number of more or less complex changes in the products 
finally obtained. Nevertheless, the method cannot be said to be exhaustive, as 
there still remains an appreciable amount of pectin which is only extracted by 
ammonium oxalate. Thus with the hops remaining after preparing samples K, 
and K,, further treatment with ammonium oxalate resulted in a product having 
the usual physical properties of pectin and the following composition: uronic 
anhydride 55-6%; anhydroarabinose 14-99%; anhydrogalactose 27-:1%; 
methoxyl 2-5 %. 

On consideration of the present results for pectic acids, it is evident that views 
which have been fairly generally held for some time must now be modified. The 
pectic acid of Clayson et al. is shown to be not a chemical entity of definite con- 
stitution, but a mixture which under certain conditions of preparation approaches 
constant composition. With this conception must likewise be abandoned the 
well-known 6-ring formula of Nanji e¢ al. [1925] which in any case became 
untenable when it was realized that the formula was calculated by means of 
incorrect factors [Norris & Resch, 1935]. 
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In the preparation of pectic acid from the cell-wall material it has been 
shown that the effect of the alkali is to increase the uronic anhydride content of 
the resultant pectic acid. In addition, of course, it profoundly affects the sub- 
stances of the cell wall, releasing hemicelluloses and doubtless breaking or 
modifying other carbohydrate linkages. The ammonium oxalate subsequently 
attacks cell-wall substances which have already been somewhat disrupted and it 
is not surprising to find that the more prolonged the action of the oxalate the 
higher the non-urone constituents of the final pectic acid, which then has the 
approximately constant composition assigned to it by Clayson et al. That the 
attack of the oxalate is directed to the cell-wall substances rather than the pectin 
itself would seem to be indicated by arrival at this ‘resting stage” where the 
products average about 70°% uronic anhydride. If the pectin itself were being 
degraded there seems no reason why the action should stop at this point. 

The effect of alkali in eliminating non-urone constituents as above is seen 
again in the composition of pectic acids derived by alkaline treatment of pre- 
pared pectins. In every case the uronic anhydride content of the original pectin 
(samples A, B and K,, Table I) has risen considerably in the resulting pectic acid 
(samples R, S and U, Table IT). 

The pectic substances as normally isolated appear then to consist of complex 
mixtures in which, so far, it has proved difficult to distinguish the essential 
pectin structure from the incidental adjuncts and artefacts. Whilst the ultimate 
solution of pectin structure probably lies in the hands of the organic chemist, 
this primary difficulty must still be faced. 


SUMMARY 


1. Pectins prepared by different methods from different sources show the 
same general characters but differ in detail of constitution. 


2. Pectic acid is not a chemical entity; its composition depends on the period 
of treatment of the cell-wall material with alkali and with ammonium oxalate. 
Prolonged treatment with the latter produces a pectic acid which is probably 
a mixture of constant composition. 

3. The pectic substances of the hop flower conform to type. 

4. Suggestions are made with respect to the chemical constitution of the 
pectic complex and the mechanism of methods of extraction. 
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CCXXXIX. SOME OBSERVATIONS ON MIXTURES 
OF SERUM ALBUMIN AND GLOBULIN 


By ALEXANDER GEORGE OGSTON? 
From The Research Laboratories, The London Hospital 


(Received 24 September 1937) 


McFar.AnE [1935], using normal sera and mixtures of serum proteins, and 
Pedersen [1936], using other protein mixtures, observed a curious phenomenon 
affecting the velocities of ultracentrifugal sedimentation of protein mixtures; 
this may be described as an apparent increase in the amount of the less rapidly 
sedimenting protein at the expense of that sedimenting more rapidly. It is to 
be presumed that the effect is caused by a decrease in the sedimentation rate of 
some of the latter, probably due to change of molecular size. The most surprising 
feature is the observation that in mixtures of proteins of different sedimentation 
constants, the new sedimentation rate is nearly always close to or identical with 
that of the protein having the smaller molecular size ; it appears as if one protein 
exercises a specific effect on the molecular size of the other. With serum proteins 
the effect shows the salient features of a reversible equilibrium. No entirely con- 
vincing explanation of this effect has been put forward. 

The following experiments were made on mixtures of normal serum albumin 
and globulin, in order to obtain further evidence as to its nature. 


EXPERIMENTAL 


Proteins. Albumin and pseudoglobulin from normal horse serum were used 
in most of the experiments. Albumin was several times recrystallized by the 
method of Hewitt [1936]; the product showed good crystalline form, was almost 
free from pigment and had a carbohydrate content of less than 0-1°%. Pseudo- 
globulin was separated from the same serum by several precipitations with 
40% saturated ammonium sulphate, dialysis against water and rejection of 
protein not soluble in distilled water. Human serum albumin was obtained by 
several precipitations by 2/3 saturated ammonium sulphate: human pseudo- 
globulin from the same serum was prepared in the same way as horse pseudo- 
globulin. Protein solutions were estimated by micro-Kjeldahl nitrogen deter- 
mination, using a conversion factor of 6-45. 

Osmotic measurements were designed to supplement those made by McFarlane 
on whole sera at neutrality to provide a check on the ultracentrifugal observa- 
tions. Decrease of the molecular size of one component of a mixture should give 
osmotic pressures greater than those to be expected from osmotic pressures of 
solutions of the separate components. 

In these experiments the proteins were dissolved in acetate buffer pH 4-8 of 
ionic strength 0-2; in these circumstances, the pH being close to the isoelectric 
points of the proteins and the ionic concentration fairly high, the effect on osmotic 
pressure of unequal distribution of diffusible electrolytes across the membrane 


can be neglected. 
1 Freedom Research Fellow. 
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The osmometer was of the design of Oakley [1936]: collodion membranes were 
prepared under fairly standard conditions: the temperature was 25+0-001°. 
Protein solutions were first dialysed against a large volume of buffer, and this 
same buffer solution was used in the osmometer and for making dilutions. 
Osmotic equilibrium was usually attained in about 4 hr. 

The osmotic pressure-concentration curves for horse albumin and globulin 
are shown in Fig. 1—there is no sign of departure from linearity. The slopes of 
the curves show the albumin to be somewhat polydisperse (M =65,000), the 


Osmotic pressure, mm. of water at 4° 


1-0 2-0 3-0 4-0 


Fig.1. Concentration g./100 ml. solvent. © Albumin. [) Pseudoglobulin. 





globulin considerably so (M=97,000). In Table I are given the results of 
measurements on mixtures: the concentrations and differences between ob- 
served osmotic pressures and those calculated from the curves in the figure are 
given. Osmotic pressures are in mm. of liquid sp. gr. 1-0: concentrations in g. per 


100 ml. of solvent. 
Table I 


Cone. g./100 ml. of solvent Osmotic pressure mm. H,O at 4° 


a ee ct ee oe 
Albumin Globulin Observed Calculated Difference 


1-070 67-40 66-5 +0-90 
67-62 +1-12 


1-434 “2 94-94 +544 
96-21 +6-71 


0-716 78-69 fi +1-29 


1-078 1-917 96-12 2 +4-12 
94-51 +2-51 


The ultraviolet absorption curves of solutions of the horse proteins and of some 
mixtures of them were measured: the object was to find whether any anomalous 
mixture effect could be discovered in this property. The mixtures were made up 
and left for at least 12 hr. to establish equilibrium; diluted to the concentration 
required for spectrography, and their absorption spectra photographed within 
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30 min. after dilution. McFarlane’s results gave reason to suppose that the 
establishment of a new equilibrium following dilution might be very slow. 

Absorption spectra were measured with a Hilger E 316 spectrograph with 
Spekker photometer, illumination being by a condensed spark between tungsten 
steel electrodes. Plates were matched with a split beam photoelectric densiti- 
meter. 

No anomalous mixture effect is apparent. This is shown by analysis of the 
absorption curves of mixtures, in terms of those of their components, at 18 
selected wave-lengths by the Gauss method of least squares. In Table II the 
concentrations estimated in this way are compared with their known values: 
the agreement is close. 


Table IT 
Albumin conc. g. per 100 ml. Globulin conc. g. per 100 ml. 





jo poe eee 

Known Estimated % diff. Known Estimated % diff. 
3-42 3-38 -1-1 1-978 1-930 —2-4 
8-37 8-41 +05 0-805 0-795 -1:3 
4-23 4-21 -0-5 3-95 3-87 —2-0 


Precipitation experiments: the object of these experiments was to discover 
whether the supposed change of molecular state of the globulin in mixtures with 
albumin produces any change in precipitability by ammonium sulphate. 

The first series was directed to detecting any complex formation between 
albumin and globulin: a solution about 4% in both albumin and globulin was 
made up and left for several days before use. To 1 ml. portions of this solution in 
small centrifuge tubes, saturated ammonium sulphate solution was added to 
bring the mixtures to 40 or 50% in ammonium sulphate; after varying periods 
the precipitate was centrifuged down, and the composition of the clear super- 
natant-was determined spectrographically. The results (Table III) show no 
significant changes in the precipitation with time of flocculation such as could 
be due to the presence of complexes in solution; all the globulin is precipitated 
by 50% saturation within 5 min. 

In the second series the object was to find whether dilution of the stock 
solution and precipitation with ammonium sulphate at different times after 
dilution gave different results: these might have been ascribed to the shift of the 
equilibrium of the mixture effect with dilution noted by McFarlane. In this series 
a standard time was allowed for flocculation. Table IV shows that the results 
of this series were negative. 


Table III. Composition of supernatants after different flocculation times : 
concentrations in g./100 ml. 


Albumin Globulin 





Time of - ' (aa ~ 
flocculation Possible Found % diff. Possible Found 
40% saturated ammonium sulphate 
5 min. “23 4:17 1-4 3-95 0-442 
15 min. “28 4-09 3-3 3-95 0-503 
16 hr. “23 4-20 0-7 3-95 0-439 
50% saturated ammonium sulphate 
5 min. “23 4-38 + 3-5 3-95 — 0-022 
15 min. “23 3-96 — 6-4 3-95 — 0-088 
80 min. “29 3-80 —10-2 3-95 — 0-088 
18 hr. “23 4-00 — 5-4 3-95 — 0-106 
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Table IV. Composition of supernatants: standard flocculation time 20 min.: 
ammonium sulphate added at different times after dilution: concentrations in 
g-/100 ml. referred back to original solution 





Dilu- Albumin Globulin 

tion —_——S — , 
x Precipitant Time Possible Found % diff. Possible Found 
5 40% SAS 5 min. 4-23 3-85 —9-1 3-95 0-221 
5 9 60 hr. 4-23 3-94 — 6-8 3-95 0-251 
2 50% SAS 5 min. 4-23 4-34 +2-6 3-95 — 0-082 
2 oa 3 hr. 4-23 4-30 +1-7 3-95 — 0-066 
5 99 5 min. 4-23 4-14 -2-1 3-95 +0-096 
5 i 4 hr. 4-23 4-44 +5-0 3°95 — 0-102 


The small negative values found for globulin in some cases are probably due 
to the effect of small amounts of pigment present in the solutions. The pre- 
cipitation of albumin by 40 % saturated ammonium sulphate apparent in two 
experiments is unexplained. 

The potentiometric titration curves of solutions of human albumin (2-98 %) 
and of human pseudoglobulin (1-94 %) and of a mixed solution (albumin 1-19 %, 
globulin 1-16°%) were determined by the method of Ogston [1936]. The object 
was again to test how closely the mixture law is obeyed with respect to this 
property. The results given in Table V show that it is obeyed closely, especially 
between pH 4 and 8. 


Table V. Titre from pH 7: milliequivalents per g. protein 


pH Albumin Globulin Mixture obs. Mixture cale. Difference 
3-0 1-214 0-640 0-950 0-931 +0-019 
3-5 0-959 0-510 0-740 0-737 + 0-003 
4-0 0-667 0-353 0-515 0-512 +0-003 
4:5 0-431 0-232 0-330 0-333 — 0-003 
5-0 0-272 0-145 0-209 6-210 — 0-001 
5-5 0-175 0-094 0-139 0-135 +0-004 
6-0 0-105 0-060 0-087 0-083 +0-004 
6-5 0-049 0-029 0-040 0-039 +0-001 
7-0 0 0 0 0 — 
7-5 0-050 0-021 0-038 0-035 +0-003 
8-0 0-090 0-043 0-071 0-067 +0-004 
8-5 0-130 0-060 0-100 0-096 +0-004 
9-0 0-172 0-087 0-138 0-130 +0-008 
9-5 0-231 0-132 0-196 0-182 +0-014 

10-0 0-327 0-210 0-285 0-269 +0-016 

10-5 0-472 0-318 0-408 0-396 +0-012 

11-0 0-679 0-460 0-570 0-570 0 

Discussion 


In the discussion following it is proposed to introduce the conclusions from 
the above experiments as they are required for the general argument. 

From the sedimentation results the phenomenon considered appears to be of 
the nature of a reversible reaction: the velocity with which equilibrium is 
established has not been studied; but the reverse reaction seems to be a very 
slow one, since McFarlane observed no diminution of the amount of ‘“‘albumin” 
in the course of a run; further, continuous formation of unchanged globulin 
should lead to a slope in the base-line of the sedimentation diagram between the 
albumin and globulin boundaries. These observations were made in buffer 
solutions of moderate concentration covering a range of pH values. 
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The possibility that the effect is due to some hitherto unconsidered physical 
cause operating in measurements of sedimentation velocity is probably excluded 
by the osmotic measurements here made, taken in conjunction with those of 
MéFarlane. Positive deviations were obtained with all mixtures; that these are 
due to purely physical causes is unlikely in view of the linearity of the osmotic 
pressure curves of simple proteins up to concentrations as great as the total 
protein concentrations in the mixtures. Quantitative comparison with McFar- 
lane’s sedimentation results is not possible, owing to the considerable hetero- 
geneity of the proteins used here and to unexplained peculiarities of the sedi- 
mentation results, discussed by McFarlane. However, all evidence favours the 
view that in a mixture of these proteins there is some conversion of larger into 
smaller molecules. 

It might be expected that such a change would involve some alteration of 
properties other than molecular dimensions. The precipitation experiments were 
designed to show whether there is any change in precipitability with ammonium 
sulphate. The results show that no such change can be detected even when the 
time of flocculation is as short as five minutes: with 50°% ammonium sulphate 
precipitation, fractionation is complete, though some albumin is removed from 
solution on subsequent standing; nor does precipitation at different times after 
dilution of a concentrated mixture reveal any significant differences. Either 
there is no change of solubility properties, or the high concentration of ammonium 
sulphate changes the very slow back reaction to a very fast one. 

Similarly, the ultraviolet absorption curves show no significant difference ; 
again this may be due to a comparatively rapid back reaction associated with 
dilution, though McFarlane’s findings make this unlikely. No anomalous mixture 
effect appears in the titration curves, where there is no appreciable dilution: 
such an effect might have been expected at least over a certain range of pH. It 
seems that no estimable number of new titratable groups is liberated, nor are 
dissociation properties of titratable groups appreciably affected. 

Apart from these facts, there are other considerations which make acceptance 
of the “reaction” hypothesis difficult : in terms of this, the sedimentation results, 
admittedly few, obtained to date may be summarised: 


McFarlane [1935] Globulin (M ~ 140,000) + Albumin (7 ~ 70,000) 


‘Albumin (M ~ 70,000) — Lactoglobulin (MZ ~ 35,000) 
Albumin (M ~ 70,000) + Clupein (M ~ 18,000) 
| Haemoglobin -- } molecules whether with clupein or other 
proteins (unspecified) 
Amino-acids and polypeptides have a small (unspecified) 
effect on other proteins (unspecified) 


Pedersen [1936] 


These could be explained by formation of complex molecules from fragments of 
both components of a mixture; it is difficult to understand why such molecules 
should take up those particular sedimentation properties, and measurable 
alteration of other properties would be confidently expected. The explanation 
favoured by Pedersen, that the influence is one of ““medium”’, is unconvincing 
in view of the specificity of the effect, though the action of amino-acids and poly- 
peptides supports it; forces producing such an effect, though specific and of 
sufficient strength, must be insufficient to bind molecules together in solution in 
any chemical or physical sense. It is difficult to guess at the nature of such 
forces. 
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It seems that the evidence at present available does not warrant the support 
of any known hypothesis of the nature of this effect. The line of attack on the 
problem most likely to be profitable lies in the further investigation of the kinetics 
and equilibrium properties of the phenomenon; it is suggested that combined 
measurements should be made by sedimentation velocity and equilibrium 
methods and of osmotic pressures on mixtures of such proteins as can be pre- 
pared in a state of high purity and homogeneity. 
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CCXL. THE CHEMICAL MEASUREMENT 

OF VITAMIN B, IN FOODSTUFFS AND 
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THE THIOCHROME REACTION 


By MAGNUS ALFRED PYKE 
From the Research Laboratory, Vitamins Limited, Hammersmith, London 


(Received 24 September 1937) 


WHEN vitamin B, is oxidized in an alkaline medium it is converted into thio- 
chrome [Barger et al. 1935]. This substance has a vivid blue fluorescence which 
can be detected in dilutions of 1 : 2,000,000. Recently Jansen [1936] published 
a quantitative method for the measurement of vitamin B, which was dependent 
on the conversion of the vitamin into thiochrome and the subsequent measure- 
ment of fluorescence by means of a photoelectric cell. When it was attempted in 
this laboratory to apply the method to the measurement of vitamin B, in food- 
stuffs certain difficulties arose. The following paper indicates the limitations of 
the method and the means which were devised in order to overcome them. 

Since the completion of the work reported below, two papers have appeared 
in which the thiochrome reaction for the measurement of vitamin B, has been 
used. 

Karrer & Kubli [1937] have used Jansen’s method with very little modifica- 
tion for preparations of high activity (between 500 and 220,000 I.v. per g.) which 
had been prepared during the production of crystalline, natural and synthetic 
vitamin B,. With substances of this high activity, these workers found it more 
convenient to compare the intensity of fluorescence by eye rather than use the 
somewhat delicate fluorimeter of Cohen [1935] in which a photoelectric cell is 
employed. Where vitamin B, in foodstuffs is being measured, however, com- 
parison by direct observation is not sufficiently accurate. 

Another recent paper by Goudsmit & Westenbrink [1937] reports the use of 
a procedure almost identical with that devised by the author for the measurement 
of vitamin B, in urine. 

EXPERIMENTAL 
(1) Standardization of the reaction with International Standard adsorbate 


The procedure of Jansen [1936] was carried out with very slight modification. 

0-1 ml. of 1% K,Fe(CN), was required to oxidize each 10 mg. of acid clay. 
This solution was mixed with 2 ml. redistilled methyl alcohol and 1 ml. 30% 
NaOH, and the accurately weighed and finely powdered International Standard 
added. The reagents were shaken for a few moments and made up to 5 ml. with 
water, and 13 ml. of isobutylalcohol were added. The mixture was again vigorously 
shaken and finally centrifuged. 

The measurement of fluorescence was carried out on the Cohen fluorimeter. 
The blank reading obtained with 10 ml. of the original isobutyl alcohol 
was subtracted from the galvanometer deflexion given by exactly 10 ml. of 
isobutyl alcohol solution. Compensation for any variation in the intensity of the 
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fluorimeter lamp was obtained by reading the deflexion given by 10 ml. of a 
solution containing 0-81 mg. quinine sulphate in 100 ml. N/10 H,SO,. This 
deflexion was always considered to be 100 and readings obtained from solutions 
of thiochrome were calculated back to this basis. 

It can be seen from Fig. 1 that a consistent straight line relationship was 
obtained with graded amounts of vitamin B,. 


w 


S 


Galvanometer deflexions 


30 40 50 mg- 


LS. adsorbate 


Fig. 1. Relationship between vitamin B, and intensity of fluorescence. 


Probable error of readings. In a series of determinations of the deflexion given 
by 20 mg. of International Standard (I.8.) the following results were obtained: 
9-0, 9-0, 9-0, 9-0, 9-3, 9-3, 9-5, 9-5, 9-7, 9-8, 9-8, 9-9, 9-9, 10-0, 10-2, 10-5, 10-5, 
11-0, 11-0, 12-0, 12-0. 

Number of determinations =21. 

Average = 10-0. 

Probable error =0-54, i.e. 5-4%. 

Karrer & Kubli [1937] report figures varying between 17 and 22 for 20 mg. of 
I.S. which compare closely with the figures reported above. 

Several precautions are necessary in carrying out the determinations. For 
example, the solution of ferricyanide is only stable for a day or so, after which 
free cyanide is given off. It is also necessary to renew the solution of quinine 
sulphate at adequate intervals since a slow deterioration has been found to occur. 


(2) Assay of fuller’s earth concentrates of vitamin B, 


A series of concentrates of vitamin B, extracted from rice polishings and 
adsorbed on fuller’s earth was assayed. A procedure identical with that adopted 
for the I.S. substance was followed except that the amount of ferricyanide to be 
used had to be determined by trial in each case. Usually the amount of K,Fe(CN), 
required to give the maximum fluorescence was larger than that needed for 
the LS. 
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Chemical assay Biological assay* 
Sample units per g. units per g. 
1/2 58 80 
2/4 83 110 
12/36 90 100 
1/37 140 140 
45 140 160 
e 170 200 
47 ii 194 205 
42 200 185 
47i 200 215 
44 230 180 


* All the biological assays were carried out by Dr A. Z. Baker of this Laboratory. 


In this case the average difference between the chemical and the biological 
assays amounted to 15-3%. Since, however, the biological method of assay is 
only accurate to within 20% [Leong & Harris, 1937] these results appear to be 
satisfactory. 

(3) Measurement of a solution of pure vitamin 


The procedure again was identical with that described above except that in 
this case the amount of K,Fe(CN), required was very much less. A satisfactory 
straight-line graph was obtained with increasing amounts of vitamin, and the 
assay of the sample of vitamin employed gave the figure of 404 1.0. per mg. This 
compares with the published figures of Leong & Harris [1937] of 330 units and 
confirms very closely the determination of Karrer & Kubli of 440 units per mg. 


(4) Measurement of vitamin B, in foodstuffs 


It was considered essential for the success of any chemical method of assay 
that the manipulation should be as simple as possible in order to avoid the loss of 


vitamin probable in a series of precipitations and filtrations. 

The first substance taken was wheat germ. At the outset attempts were made 
to assay this foodstuff by mixing the powdered germ with a mixture of methyl 
alcohol, alkali and ferricyanide and extracting with isobutyl alcohol. Although 
reasonable deflexions were given for 200 mg. weights of germ, proportionately 
larger readings could not be obtained for larger amounts. Another disturbing 
discovery was that germ heated for 24 hr. at 120° or material autoclaved for 
4 hr. at one atmosphere pressure produced a strong fluorescence equivalent to 
26 and 70 units of vitamin B, per g. respectively. In order to overcome this non- 
specific fluorescence the device was adopted of running a blank by treating the 
sample with all the reagents except the ferricyanide. This device is identical with 
the procedure now published by Goudsmit & Westenbrink for the assay of urine. 
By following this procedure, reasonable results were obtained for small amounts 
but again complete extraction could not be obtained with larger quantities. 
However, when a simple aqueous extract was employed instead of the solid 
material good results were at once achieved. The method finally adopted was as 
follows. 

Method 

The material is finely ground or minced and placed in a solution of 1% HCl. The mixture is 
vigorously stirred and just brought to the boil. It is then allowed to cool and made up to a 
convenient volume. 

Four 3 ml. aliquots of the filtered extract are then added to a mixture of 2 ml. methyl alcohol, 
1 ml. 30% NaOH and 0, 0-8, 1-0 and 1-2 ml. 1% K,Fe(CN), respectively. The solutions are well 
mixed and then shaken with 13 ml. isobutyl alcohol and centrifuged. 10 ml. of the isobutyl 
alcohol layers are taken for the measurement of fluorescence. The fluorescence given by the 
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solution to which no K,Fe(CN), was added is subtracted from the fluorescence of the others and 
the difference multiplied by 100 is divided by the deflexion recorded for the standard quinine 
solution. If the three replicates containing ferricyanide do not agree closely, a different range of 
ferricyanide must be tried until maximum fluorescence is obtained. 








The reliability of the method was tested on the following substances. 

(a) Assay of milk. 5 ml. aliquots of milk were treated directly with the 
reagents as detailed above. To a second 25 ml. of milk a solution containing 
10 units of pure vitamin B, was added: 








Milk alone =(0-25 unit per ml. 
Milk + vitamin B, =0-66 unit per ml. 
Recovery of added B, =102% 


Published analysis [Baker & Wright, 1935] =0-23 unit per ml. 







(b) Assay of ham. 24 g. of ham brought to the boil in 80 ml. of 1% acid and 
aliquots tested. To a second 22 g. of ham 33 units of pure vitamin B, were added : 






Ham alone =2-4 units per g. 
Ham + vitamin B, =3-9 units per g. 
Recovery of added B, = 100% 


Published biological analysis =2-2 units per g. 






(c) Assay of wheat germ. 5 g. of. germ were finely ground and brought 
to the boil in 100 ml. of 1% HCl. 3 ml. aliquots of the filtered solution were 
tested. To a second 5 g. of germ 45 units of pure vitamin B, were added. 











Wheat germ alone =10-7 units per 
Germ +vitamin B,  =20-0 units per 
Recovery of added B, = 103% 


Published biological analysis [Baker & Wright, 1937] =6-20 units per g. 


ge 










(5) Analysis of other foodstuffs 











Chemical Published biological assay 
determination [Baker & Wright, 1935] 
Material units per g. units per g. 
Dried brewer's yeast 13 6-23 
Egg white Nil Trace 
Egg yolk 1-6 1-4 
Rice bran 5-4 5-6-7-4 
Wheat germ A 5-6 5-9-18-7 
Wheat germ B 8-0 









(6) Vitamin B, in animal tissues 


Published biological 







Chemical assay assay [ Leong, 1937] 
Material units per g. units per g. 
Rat liver 0-8 1-5 
Rat kidney 0-2 0-2 
Rat muscle 0-6 0-4 













(7) Measurement of vitamin B, in urine 


The amount of vitamin B, in urine is too small for it to be possible to measure 
it directly on the sample, and concentration by adsorption on fuller’s earth was 
adopted. The following experiments were carried out to check the validity of the 
analysis. 

(a) 1 ml. of a solution of pure vitamin B, containing 11 units was diluted to 
100 ml. and made acid to Congo red with HCI. 100 mg. of fuller’s earth were added 
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and shaken for 10 min. The adsorbate was dried with alcohol and ether and 
20 mg. amounts were submitted to the chemical procedure. 


Vitamin B, recovered= 9-3; 12-3 units 
= 10-8 (average) 
=98% recovery 


(6) 100 ml. of urine were brought to pH 4-5 with HCl and treated with 1 g. of 
fuller’s earth. 20 mg. aliquots of the dried adsorbate were assayed. A second 
100 ml. of urine to which 23 units of vitamin B, had been added was similarly 
treated. The adsorbates from each solution were dried and 20 mg. portions 
tested. 

Activity of 
fuller’s earth 


units per g. 
Urine alone 10 
Urine + 23 units vit. B, 35 
Recovery 110% 


(8) Variation in the concentration of vitamin B, in different samples of milk 


The chemical determination of vitamin B, in milk may be simply carried out 
as was detailed above. Since milk is a foodstuff of great nutritional importance 
the analysis of several samples was carried out. 


Vitamin B, 

Source Nature units per ml. 
Sherborne, Dorset Raw 0-11 
Mevagissey, Cornwall oo 0-06 
London, W. 6 Pasteurized 0-17 
London, S.E. 16 = 0-12 
London, W. 6 = 0-12 
Deptford 2 0-12 
London, 8.W. 10 7 0-11 
London combine (a) = 0-18 
London combine (b) a 0-14 
London, S.E. 1 Sterilized 0-04 


A point which may not be without significance is the fact that the sample used 
previously to verify the method was found to contain 0-25 unit of vitamin B, 
per ml. This milk was examined in May whereas the samples given above were 
produced at the end of July and August after an exceptionally dry summer. 


Discussion 


From the above results it appears that the chemical method for determining 
vitamin B, by its conversion into thiochrome and the measurement of the 
fluorescence of the latter substance is suitable for application to a wide range of 
materials. While the probable error of the method is low compared with other 
methods of vitamin assay and while in most cases the recovery of added vitamin 
is good, a great deal depends on the satisfactory behaviour of the fluorimeter. 
In the early stages of this work progress was slow because the magnitude of the 
galvanometer deflections was too small for reliance to be placed on the readings 
obtained. Vibrations in the building and rapid fluctuations in the intensity of 
the light source must also be guarded against. If, however, care is taken in the 
use of the instrument, and if a blank determination is run without ferricyanide on 
each unknown material, the thiochrome method of Jansen promises to be of 
great importance in the investigation of vitamin B,. 
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THE fatty acids present in combination in phosphatides from the vegetable 
kingdom have received less notice hitherto than those from animal sources. 
Until Levene & Rolf [1925; 1926] published the results of their study of soya 
bean phosphatides, plant phosphatides were usually supposed to be varieties of 
lecithin and the only acid components which had been reported were palmitic, 
stearic and oleic—in the “‘lecithins” respectively of leguminous seeds [Schulze & 
Likiernik, 1891; Njegovan, 1911], sugar-cane [Shorey, 1898], and beet-root 
[Grafe & Horvat, 1925]. Levene & Rolf, in the case of soya bean phosphatides, 
showed that more than one type was present, including products less soluble in 
alcohol than lecithin, and that the phosphatides sparingly soluble in alcohol and 
also the alcohol-soluble forms gave optically active barium glycerophosphate, 
indicating that the phosphoric acid was combined with an «-glyceryl hydroxyl 
group. They identified palmitic, stearic and (in the form of bromo-additive 
products) oleic, linoleic and linolenic acids in the mixed fatty acids ; they concluded 
that in the alcohol-soluble phosphatides (choline compounds) the proportion of 
saturated acids was lower than in animal lecithin, whereas the alcohol-insoluble 
compounds (8-aminoethanol derivatives) showed no marked difference in this 
respect from animal kephalin. 

Webster [1929] recorded the 1.v. (Hanus) of the mixed fatty acids present in 
the acetone-insoluble phosphatides from wheat, maize, oats and soya beans 
respectively as 81-5, 65-3, 88-8 and 92-5. 

The only other detailed work on seed phosphatide fatty acids (again those 
from the soya bean) appears to be that of Suzuki and his co-workers [1930; 
1931]. The presence of alcohol-insoluble “‘kephalin” and alcohol-soluble “‘leci- 
thin” derived respectively from choline and B-aminoethanol was confirmed by 
these investigators, who also brominated the phosphatide fractions and isolated 
various crystalline derivatives containing mixtures of fatty acids, from which the 
presence of ““mixed” compounds such as palmito-oleo-, or oleolinoleo-, as well 
as dioleo- and dilinoleo-phosphatides was established. Suzuki & Yokoyama 
[1930] separated, by means of cadmium chloride double salts, «- and f-*‘leci- 
thins” from soya beans, and studied the mixed fatty acids from each group by 
bromination. They observed the following proportions of palmitic and poly- 
bromostearic acids in each case: 


From From 
Acids “*y-lecithin” “ B-lecithin”’ 
Palmitic 24:3 20-1 
Dibromostearic 32-4 53-8 
Tetrabromostearic 44-2 24-8 
Hexabromostearic 1-1 1-4 


( 1964 ) 
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The corresponding owe of the fatty acids originally present would 
therefore be: 


From From 

Acids **y-lecithin” “ 8-lecithin” 
Palmitic 36-8 30-2 
Oleic 31:3 51-6 
Linoleic 31-3 17-4 
Linolenic 0-6 0-8 


These figures differ widely from those which we have found in the course of 
the present work, the amounts of palmitic and oleic acids being much higher, 
at the expense of linoleic acid. A possible explanation is that the yield of crystal- 
line tetrabromostearic acid, M.P. 114°, never represents more than 50% of the 
linoleic acid actually present [cf. Green & Hilditch, 1935]. 

Recently Jamieson et al. [1937] have further discussed the separation of the 
mixture of phosphatidic compounds present in soya beans, and have put forward 
evidence that in the seed the phosphatides may be united with carbohydrates 
in compounds resembling glucosides. On the other hand, Rewald [1929; 1933; 
1936; 1937] holds that, although plant phosphatides are closely associated with 
carbohydrates in the seed, the union is not of a chemical nature, since by appro- 
priate physical methods (e.g. extraction from an aqueous emulsion with a 
suitable solvent) the phosphatides can be separated in a relatively pure con- 
dition and free from either carbohydrate or fat. 

We are indebted to Dr Rewald for kindly supplying us with phosphatide 
fractions (soluble and insoluble in alcohol) separated from soya beans and from 
rape seed, and freed as far as possible from non-phosphatidic material by the 
procedures which he has found most efficient for their purification. We have 
confined our attention to the composition of the mixed fatty acids present in 
these products. When the quantity available permitted, the component acids 
were determined by the customary ester-fractionation procedure, accompanied 
by detailed qualitative examination of certain ester fractions in order to identify 
the unsaturated acids present. 


Phosphatides from soya bean 


Samples of the alcohol-insoluble (“‘kephalin’’) and alcohol-soluble (“lecithin ”’) 
phosphatides were both available. The former, a soft granular brownish sub- 
stance, was by far the larger portion and we were able to make an exhaustive 
examination of the fatty acids. The alcohol-soluble phosphatides were much less 
in amount and formed a thick, dark-coloured paste which, unfortunately, 
oxidized with great rapidity on exposure to air. The general characteristics of 
the soya bean phosphatides are given in Table I. 


Table I. Soya bean phosphatides 
Alcohol-insoluble Alcohol-seluble 


P 3-7% 3-82 % 

I.V. “2 35 

Sap. equiv. 242-7 254-4 
Mixed fatty acids: 

Yield from phosphatide 69% 70% 

Equiv. 283-2 277-5 


1.V. 131-9 128-6 
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Alcohol-insoluble phosphatide from soya bean 


The mixed fatty acids were prepared from 110 g. of the material by hydro- 
lysis. Direct hydrolysis with alcoholic KOH was somewhat difficult, and 
(following Levene & Rolf [1925; 1926] and Suzuki et al. [1930; 1931]) we found it 
better first to reflux the phosphatide in alcohol containing 0-5 °% H,SO, for 3 hr. 
Sufficient KOH was then added to neutralize the H,SO, and give a 5 % solution 
of the alkali, after which the mixture was again refluxed for 3 hr. The recovered 
soaps were decomposed and extracted with ether in the usual manner. We 
invariably encountered, at this stage, small quantities of a substance, insoluble 
in both ether and water, the nature of which we have not established. It 
amounted to 3-4% of the weight of phosphatide taken and formed a cream- 
coloured amorphous powder, M.P. about 260° with decomposition. It did not 
contain P or N, it was insoluble in hot and cold water, alcohol or benzene and 
was apparently unaffected by boiling with aqueous alkali. 

The mixed fatty acids were submitted to a lead salt-alcohol separation and 
the “solid” (15-4%) and “liquid” (84-6%) acids separately converted into 
methyl esters and fractionally distilled with the results given in Table II. 


Table IT 


Methyl esters of “solid” acids 
Sap. equiv. 


274-2 
275°8 


12-1: 


Methyl esters of “liquid” acids 


Primary fractionation Refractionation of fraction L 1 








Sap. Sap. 
equiv. Vv. No. . equiv. 
285-1 : Lil 271-6 
290-2 , L12 . 282-5 
291-4 . . 286-7 
292-9 . . 291-1 
292-6 ‘ é 3- 293-5 
294-2 
295-0 
308-1* 
430-2* 


bo 
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* Sap. equiv. of esters, freed from unsaponifiable matter: S 4, 308-5; L 8, 293-6; L 9, 323-0. 


Identification of unsaturated acids present in fractions L 11, L 5 and L 6. The 
acids from fractions L11 and L5 were oxidized in dilute ice-cold alkaline 
solution with KMnO, according to the procedure of Lapworth & Mottram [1925]. 
The oxidation products were separated by systematic crystallization from light 
petroleum, water and, finally, ethyl acetate or alcohol. 

The acids (3-55 g.) from fraction L 11 gave, in addition to the two tetra- 
hydroxystearic acids (M.P. and mixed m.P., 156° and 172° respectively), a small 
amount (0-22 g.) of not wholly pure palmitic acid (M.P. 58°) and a small quantity 
of an acid (M.P. 124°; found C 66-7, H 10-8 %) which corresponded with 9: 10-di- 
hydroxypalmitic acid (m.p. 124° [Armstrong & Hilditch, 1925]; calc. C 66-7, 
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H 11-1 %). The acids (4-5 g.) from fraction L 5 yielded relatively large quantities 
of the tetrahydroxystearic acids, M.P. 172° and 155°, a smaller quantity of 
9: 10-dihydroxystearic acid (M.P. 131-5°) and, in addition to traces of saturated 
acid (M.P. 54°), a very small quantity of an acid, comparatively freely soluble in 
hot water, which melted at about 200°. The amount of the latter precluded 
further purification, but it appeared to be impure hexahydroxystearic acid. 

The presence of large proportions of the linoleic acid of seed-fats, indicated 
by these oxidation experiments, was confirmed by the bromo-additive products 
obtained from the acids of fraction L 6. These acids (4-53 g.) yielded 1-24 g. 
(mM.P. 114°, Br 56-7 %) of bromo-additive products insoluble in ether and 2-93 g. 
(M.P. 113-5°, Br 53- 6 %) of the latter insoluble in light petroleum (but soluble in 
ether) ; the residual products, soluble in both light petroleum and ether, amounted 
to 6-64 g. (Br 49-3%). These data show that the tetrabromostearic acid (M.P. 
114°, Br 53-3%, characteristic of seed-fat linoleic acid) was present in such 
abundance that some of it separated from ether. The observed bromine content 
of 56-7 % indicates the presence of about 0-4 g. of hexabromostearic acid in this 
fraction, corresponding with about 0-15 g. of linolenic acid; the total content of 
linolenic acid is probably, therefore, about double this amount, or not more 
than 7 % of the C,,-unsaturated acids (equivalent to 4% of the total fatty acids, 
ef. Table III). The total amount of crystalline tetrabromostearic acid (3-8 g.) 
isolated corresponds to about 39% of the acids of fraction L 6; if the latter 
(1.v. 174-6) contain 7 % of linolenic acid, the rest is made up of 79 %, linoleic and 
14 % oleic acid. The yield of crystalline tetrabromostearic acid is thus, as usual, 
somewhat less than half of the theoretical quantity. It will be noted that large 
quantities of a form of tetrabromostearic acid soluble in light petroleum were 
present in the soluble residue (Br 49-3 %). 

The final results for the composition of the mixed fatty acids are in Table III. 
The ester fractions L 1—L5 (Table II) have been calculated _as mixtures of 
hexadecenoic (and palmitic) ester with C,,-unsaturated esters of 1.v. 166-3, whilst 
fraction S 4 has been calculated to a mixture of stearic, arachidic, oleic and 
eicosenoic esters. 


Table III. Component acids of alcohol-insoluble phosphatide 
from soya bean 





“Solid” “Liquid” Component acids 

acids S acids L ——— , 

(15-4%) (84-:6%) Total % (wt.) % (mol.) 
Palmitic 8-13 3-34 11-47 11-7 13-1 
Stearic 3-87 — 3-87 4-0 4-0 
As arachidic 1-37 — 1-37 1-4 1-3 
Hexadecenoic — 8-37 8-37 8-6 9-6 
Oleic 1-35 4-07 5-42 5-5 5-7 
Linoleic* “= 61-83 61-83 63-3 61-5 
As Cy» unsaturated 0-48 4-88 5-36 55 4-8 
Unsaponifiable 0-20 2-11 2-31 — — 


* Includes a small amount of linolenic acid (not more than 4% of the total tatty acids). If 
4% of linolenic acid is present, the molar proportions of oleic and linoleic acids in the component 
acids in Table III would be altered to 10% and 53-5% respectively. 


A separate portion (49 g.) of the mixed fatty acids obtained by hydrolysis 
of the alcohol-insoluble phosphatide was converted, after removal of un- 
saponifiable matter, into methyl esters and hydrogenated as completely as 
possible (1.v. 2-4) before fractionation. The ester fractionation analysis gave the 
molar percentages of the components of the hydrogenated acids as palmitic 
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20-8, stearic 75-6 and arachidic 3-6. These figures accord fairly well with the total 
molar percentages for acids of the same carbon content as calculated in Table III 
(namely, C,, 22-7, Cy, 71-2 and C,,) 6-1). The value for unsaturated Cy» acids in 
Table III appears to be somewhat high, possibly owing to the difficulty of 
complete removal of unsaponifiable components present in fractions L 8 and L 9. 
The figure for palmitic acid in the hydrogenated acids justifies the assumption 
that hexadecenoic esters are present in fractions L1—L5, which is further 
supported by the identification of dihydroxypalmitic acid in the oxidation 
products of the acids from fraction L 11. 


Alcohol-soluble phosphatide from soya bean 


The quantity of this material available (35 g.) was much less than in the 
preceding case and unfortunately, as already mentioned, it had evidently become 
somewhat oxidized before it could be studied. 24-6 g. of fatty acids were 
obtained on hydrolysis and submitted to lead salt-alcohol separation. The 
“solid” acids (4-6 g., equiv. 258-9, 1.v. 10-2, excluding 3 % unsaponifiable matter 
also present) were calculated as a mixture of palmitic and oleic acids. The 
“liquid” acids (20-0 g.) were converted into methyl esters and fractionated as 
shown in Table IV. 


Table IV. Methyl esters of “liquid” acids 


Primary fractionation Refractionation of fraction L 1 








- = = \ c 





Sap. Sap. 
No. g. equiv. I.v. No. g. equiv. LY. 
L1 9-77 284-7 146-5 Lil 1-35 259-1 126-9 
L2 2-61 291-7 146-3 L 12 3-04 285-6 140-3 
L3 3-08 293-1 111-8 L13 2-64 290-7 153-3 
4 4-20 305-3* 111-7 L 14 2-63 292-0 157-1 
19-66 9-66 


* Esters of L 4, freed from unsaponifiable matter, sap. equiv. 297-5. 


Oxidation of the acids from fraction L 13 by dilute alkaline permanganate 
again yielded the tetrahydroxystearic acids, M.P. 156° and 173°, corresponding 
with seed-fat linoleic acid, and also very small quantities of an acid, soluble in 
hot water, which melted and decomposed at 200°. Similar treatment of the 
acids of fraction L 11 gave, in addition to the tetrahydroxystearic acid, M.P. 171°, 
small amounts (insufficient for adequate characterization) of saturated acids and 
of an acid, M.P. 127°. 

Addition of bromine to the acids (1-87 g.) of fraction L 14 produced 0-15 g. 
of products insoluble in ether (M.P. 174°, Br 62-9 %), 1-60 g. of products soluble 
in ether but insoluble in light petroleum (M.P. 112°, Br 53-9°%) and 2-40 g. of 
oily products soluble in both solvents (Br 48-1 °%). The ether-insoluble fraction 
corresponds closely with crystalline hexabromostearic acid (M.P. 176°, Br 
63-3 °%) and is equivalent to 0-05 g., or 2-5%, of linolenic acid in the acids of 
L 14. The fraction insoluble in light petroleum is equivalent to 0-75 g., or 40% 
of linoleic acid. Assuming that, as usual, only 50% of the linolenic acid present 
has been returned in the form of crystalline hexabromostearic acid, it is probable 
that about 5% of the C,, unsaturated acids is linolenic acid. From the 1.v. of 
the acids of fraction L 14 (165-0), therefore, the composition of the C,, un- 
saturated acids is in the region of 5% linolenic, 72% linoleic and 23 % oleic. 
Employing these figures, we arrive at the approximate composition for the 
mixed fatty acids of the alcohol-soluble soya bean phosphatide given in Table V. 











SEED PHOSPHATIDES 1969 


Table V. Component acids of alcohol-soluble phosphatide 
from soya bean 


“Solid” “Liquid” Component acids 

acids § acids L —S4—_ 

(18-7 %) (81-3 %) Total % (wt.) % (mol.) 
Palmitic 16-08 1-07 17-15 17-3 18-6 
Hexadecenoic -— 5-47 5-47 5-5 6-0 
Oleic 2-07 16-74 18-81 19-0 18-5 
Linoleic — 52-40 52-40 53-0 52-0 
Linolenic — 3-65 3-65 3-7 3-6 
As Cy) unsaturated — 1-49 1-49 1-5 1-3 
Unsaponifiable 0-55 0-48 1-03 — —_ 


This analysis must be regarded as less reliable than that of the acids from the 
alcohol-insoluble phosphatides, owing to the small amount of material available. 
Further, the 1.v. of the unsaturated acids are probably several units low (in 
consequence of atmospheric oxidation of the phosphatides) and the figures for 
linoleic and oleic acids are likely to be correspondingly lower and higher than the 
true values. 


Phosphatides from rape seed 


The quantities of material at our disposal were less here in each case than 
with the soya bean phosphatides, namely, about 70 g. of alcohol-insoluble and 
about 5 g. of alcohol-soluble rape seed phosphatides. The two fractions resembled 
the respective soya bean products in appearance, and the alcohol-soluble sub- 
stance appeared to have undergone oxidation to some extent and to have 
darkened in colour. The general characteristics of the rape seed phosphatides are 
summarized in Table VI. 


Table VI. Rape seed phosphatides 


Alcohol-insoluble Alcohol-soluble 


E 363% 358% 
N 1-45% 1-12% 
LV. 84:8 71-7 
Sap. equiv. 275-9 262-2 
Mixed fatty acids: 

Yield from phosphatide 68% 61% 
Equiv. 297-2 — 

Ev: 114-2 117-9 


Alcohol-insoluble phosphatide of rape seed 


The mixed fatty acids (45 g.) from 66 g. of the alcohol-insoluble phosphatide 
were resolved by lead salt-alcohol separation into 20-2°% “solid” and 79-8 %, 
“liquid” acids, each group being methylated and fractionated with the results 
shown in Table VII. 

The high 1.v. of the “solid” esters, and the equivalents of fractions S 3 and 
L 14, L 3-L 6, suggested that, as in rape seed glycerides, erucic acid was present 
in some quantity. This was confirmed by the qualitative identification tests made 
on the acids from several of the ester fractions. 

The acids (2-62 g., freed from unsaponifiable matter) from fraction S 3 were 
oxidized in cold dilute alkaline solution with permanganate, and thereby gave 
0-30 g. of saturated fatty acids (M.p. 78°) and also 1-51 g. of an acid M.P. 128° 
(mixed with 13:14-dihydroxybehenic acid, M.P. 127°). 
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Table VII 
Methyl esters of “solid” acids 

No g. Sap. equiv. IV. 

81 2-27 274-3 27-8 

$2 2-25 295-1 52-6 

83 3-35 362-1* 58-1 

7-87 
Methyl esters of “liquid” acids 
Primary fractionation Refractionation of fraction L 1 

Cc i se —* ‘ eaten —™ 

Sap. Sap. 
No g. equiv. I.V. No. g. equiv. 1.V. 
L1 12-73 291-8 132-9 Lll 2-96 284-9 101-4 
L2 2-91 295-7 141-4 L 12 3-09 288-5 130-0 
L3 2-77 301-6 140-4 L13 3-86 293-1 146-9 
L4 2-88 303-9 138-7 L14 2-64 302-6 144-0 
L5 3-19 316-3 123-4 12:55 
L6 3-73 429-9* 94-4 7" 

28-21 


* Sap. equiv. of esters, freed from unsaponifiable matter: S 3, 352-2; L 6, 334-8. 


Similar oxidation of the acids from fraction L 3 gave mainly the tetrahydroxy- 
stearic acids of M.P. 155° and 172°, with traces of an acid, M.P. 205° (hexa- 
hydroxystearic acid) and of an impure dihydroxy-acid which melted indefinitely 
at 125°; while from the acids (2-6 g.) of fraction L 11 there were obtained the 
two tetrahydroxystearic acids, 0-7 g. of saturated acid, M.P. 57° (mainly palmitic), 
and a small amount of a dihydroxy-acid which melted at 127°. 

Bromination of the acids (3-3 g.) of fraction L 13 yielded 0-1 g. of additive 
products insoluble in ether (M.P. 167°, Br 56-2°%), 1-6 g. of crystalline products 
insoluble in light petroleum (M.P. 113°, Br 53-5%) and 4-6 g. of oily products 
soluble in both media (Br 43-3 %). The yield of the crystalline tetrabromostearic 
acid (M.P. 113°) corresponds to about 24% of linoleic acid in the acids of L 13, 
the total content (from the 1.v. 154-5) being about 70%. The amount of lino- 
lenic acid present, judged from the ether-insoluble products (0-1 g.) was very 
small, and could not have exceeded 1% of the mixed acids. 

The acids from the residual fraction L 6, after removal of unsaponifiable 
matter, were submitted to lead salt-alcohol separation, when nearly 60% was 
recovered in the form of insoluble lead salts which gave a crystalline acid. After 
crystallization this melted at 32° (unchanged on admixture with an authentic 
specimen of erucic acid). 


Table VIII. Component acids of alcohol-insoluble phosphatide 
from rape seed 


“Solid” “Liquid” Component acids 

acids § acids L ————oo 

(20-2%) (79-8 %) Total % (wt.) % (mol.) 
Myristic 0-73 — 0-73 0-8 1-0 
Palmitic 5-20 2-92 8-12 83 9-4 
As behenic 1-47 — 1-47 1-5 1:3 
Hexadecenoic — 2-05 2-05 2-1 2-4 
Oleic 4-48 17-38 21-86 22-4 23-0 
Linoleic -- 41-03 41-03 42-2 43-5 
Linolenic — Traces Traces Traces Traces 
Erucic 8-08 13-96 22-04 22-7 19-4 
Unsaponifiable 0-24 2-46 2-70 — _ 
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Utilizing the above information (p. 1970), and calculating higher unsaturated 
acids in fraction S 3 as behenic acid, the approximate composition of the com- 
ponent fatty acids of the alcohol-insoluble rape seed phosphatide is as given in 
Table VIII (p. 1970). 


Alcohol-soluble phosphatide of rape seed 


From the small amount of this product available (4-2 g.), only 2-6 g. of fatty 
acids were obtained by hydrolysis. On applying the lead salt-alcohol separation 
to these, 0-34 g. of “solid” acids, 1.v. 42-2, was obtained, together with 2-27 g. 
of “‘liquid” acids, 1.v. 129-2. The latter (in ether) were treated with bromine, 
and furnished a trace (0-04 g.) of ether-insoluble bromo-acid, m.P. 163°, whilst 
1-2 g. of crystalline bromo-additive products (m.P. 113°, unchanged when mixed 
with tetrabromostearic acid, M.P. 114°) were insoluble in light petroleum. 

Although it was not possible to make any further study of this material, the 
data obtained indicate the presence of seed-fat linoleic acid and of erucic acid 
in quantity, and show that, qualitatively at all events, the component fatty 
acids resembled those of the alcohol-insoluble group of rape seed phosphatides. 


DIscussIoN AND SUMMARY 


The data recorded in this paper show that the phosphatides of the two 
seeds studied contain a range of fatty acids qualitatively identical with those 
present in the corresponding glycerides. Table IX compares the quantitative 
data obtained for the phosphatide fatty acids with those for typical soya bean 
and rape seed glyceride fatty acids; several concordant analyses have been 
recorded for each of the latter, the figures in Table [X being respectively from 
recent analyses by Griffiths & Hilditch [1934] and Hilditch & Paul [1935]. 


Table IX. Component acids of soya bean and rape seed 
glycerides and phosphatides (mol. °/,) 





Soya bean Rape seed 
f : SS en 
Phosphatides Phos- 
——. phatides 
Alcohol- Alcohol- Alcohol- 
Glycerides _ insoluble soluble Glycerides _ insoluble 
Myristic 1 _ — -- 1 
Palmitic 8 13 19 2 9 
Stearic 5 4 see — — 
Arachidic Trace 1 — _ — 
As behenic — — — 1 1 
Hexadecenoic * 10 6 7 2 
Oleic 26 10 18 19 23 
Linoleic 54 53 52 31 44 
Linolenic 6 4 4 — — 
As C,, unsaturated oo 5 1 — _— 
Erucic — — = 47 20 


* About 1% of hexadecenoic acid may also be present. 


Linolenic acid is present in both glycerides and phosphatides of the soya 
bean, and erucic acid in those of rape seed; but the proportion of erucic acid in 
the phosphatide acids is much less than in the glyceride acids. It is significant, 
nevertheless, that in both seeds all the characteristic fatty acids of the glycerides 
are also found in the phosphatides. The proportion of saturated acids is, in both 
instances, higher in the phosphatide than in the glyceride acids. In this respect 
seed phosphatides seem to resemble those of animal liver fats [cf. Klenk, 1935; 
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Hilditch & Shorland, 1937]; but it is to be noted that in the seed phosphatides 
the increase is wholly in palmitic acid, whereas in the animal liver fats studied 
the stearic acid content increased in the phosphatides, the palmitic acid per- 
centage being much the same as in the liver glyceride acids. This is not un- 
natural, however, for palmitic is the characteristic saturated acid occurring in 
practically every fat in the vegetable kingdom, whereas stearic acid is but 
rarely found as a major component acid of vegetable lipoids. 

It is interesting to find hexadecenoic acid present in some quantity in the 
seed phosphatides, for it is present only in very small amounts in seed glycerides 
(data on this point will be communicated shortly elsewhere). The relative amounts 
of the major component unsaturated acids, oleic and linoleic, are probably the 
most significant in these analyses. In both seeds the ratio oleic : linoleic is 
markedly lower in the phosphatides than in the glycerides. It would almost 
seem, so far as the results in these two cases may be taken as a guide to the 
general behaviour, that linoleic acid is the most important component of plant 
phosphatide acids. In each seed it occurs to the extent of double, or more than 
double, the proportion of any other acid; the bromination and oxidation data 
establish, moreover, that it is the form of linoleic acid characteristic of seed 
glycerides, furnishing nearly 50 % of the crystalline tetrabromo-additive product 
of m.p. 114°. On the other hand, linoleic acid only forms about half of the total 
fatty acids. It may perhaps have a specific function in the phosphatides of 
seeds; but in the absence of a much wider range of information this suggestion is 
only speculative. 

The chief results of the present study—the presence of all the characteristic 
seed glyceride acids in the respective seed phosphatides, and the predominance 
of linoleic acid—point to the need for similar detailed analyses of other seed 
phosphatide component acids before attempting to lay down any generalization. 
Our results further show that comparisons which have been made from time to 
time on the basis of the 1.v. alone of mixed fatty acids of phosphatides and 
glycerides are of little value without some form of detailed analysis—at the 
least, a determination of the proportions of saturated acids present. 
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OF CERTAIN CEREALS 
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THE present research was undertaken with the object of determining the 
biological value of certain Polish cereals, and of comparing the biological values 
of wheat proteins from hard and soft grain. In the case of wheat proteins, the 
effect of milling was also studied by comparing whole grain, meal and flour. The 
biological value of the proteins was determined by the method of Osborne e¢ al. 
[1919] as in the former studies conducted in this laboratory [Kon & Markuze, 


1931; Markuze, 1931; 1934]. 


EXPERIMENTAL 


The following materials were studied: rolled oats, buckwheat groats (whole- 
meal and milled), barley, millet, semolina and polished rice. In addition, wheat 
flour, white bread and a few varieties of hard and soft wheat were examined, 
with the object of ascertaining whether these two types of wheat differ in quality, 
as well as in quantity, of proteins. 

The cereals were ground to a fine powder, and analysed for water and 
nitrogen. The protein contents, derived by multiplying the N contents by 
6-25, are given in Table I, and the compositions of the diets in Table II. The 
diets were mixed with water and steamed to dextrinize the starch. The rats 
receiving a fat-free diet were given 2 drops of cod liver oil daily, and diets 
deficient in the vitamin B complex were supplemented with brewer’s yeast 
extract, in amounts corresponding to 0-2—-0-3 g. of dry yeast per diem and con- 
taining 4-3-6-4 mg. of nitrogen. The experiments were performed on piebald rats 
from our own colony, and were started when the animals were 3-4 weeks old, 
and weighed 45-55 g. The actual test period lasted 30 days, and was preceded 


Table I. Crude protein contents of the various substances tested 
Protein content (calcu- 
lated on dry wt.) 
Product examined (%.N x 6-25) 
Rolled oats 17-4 
Whole buckwheat groats 13-7 


Fine buckwheat meal 4-9 
Millet meal 13-4 
Barley meal 9-8 
Semolina 9-7 
Polished rice 8-0 
Wheat flour 10-5 
White wheat bread 10-6 
Hard wheat, “‘ Manitoba IIT” 15-5 
Hard wheat, “‘Garnet” 14-5 
Semi-hard wheat, ‘‘ Ostka Chiopicka” 13-2 
Soft wheat, ‘‘ Dankowska Graniatka”’ 10-8 


( 1973 ) 











1974 


Source of 

protein 
Level of protein intake . 
Rolled oats: 


Rolled oats 
Butter fat 
Salts* 

Rice starch 


Level of protein intake ... 
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Table II. Compositions of the diets 


All values refer to dry weights 


. 41%F 80% 


Whole buckwheat groats: 


Buckwheat groats 
Butter fat 

Salts* 

Rice starch 


Level of protein intake ... 


Fine buckwheat meal: 
Buckwheat meal 
Butter fat 
Salts* 

Rice starch 


Level of protein intake ... 


Millet meal: 
Millet 
Butter fat 
Salts* 

Rice starch 


Level of protein intake ... 


Barley meal: 
Barley 
Butter fat 
Salts* 

Rice starch 


Level of protein intake ... 


Semolina: 
Semolina 
Butter fat 
Salts* 

Rice starch 


Level of protein intake ... 


Polished rice: 
Rice 
Butter fat 
Salts* 
Rice starch 


23-0 459 95-0 
100 100 — 
5-0 5-0 5-0 
620 391 — 
8-4% 13-4% 
58°3 95-0 
10-0 — 
5-0 5-0 
26-7 — 
4-6 %t 
95-0 
5-0 
8-4% 128% 
59-7 95-0 
10-0 — 
5-0 5-0 
25-3 — 
9-2%+ 
95-0 
5-0 
7-8 %t 93% 
82-4 95-0 
10-0 — 
5-0 5-0 
2-6 oe 
7-6 %t 
95-0 


16-2% 


Source of 
protein 


Level of protein intake ... 


Wheat flour: 
Flour 
Butter fat 
Salts* 

Rice starch 


Level of protein intake ... 


White wheat bread: 


Bread 
Butter fat 
Salts* 

Rice starch 


Level of protein intake ... 


Hard wheat, “‘ Manitoba II’’: 


Wheat 
Butter fat 
Salts* 

Rice starch 


Level of protein intake ... 


Hard wheat, “‘Garnet”’: 
Wheat 
Butter fat 
Salts* 
Rice starch 


Level of protein intake ... 


10-0 %t 


95-0 
5-0 


101% 


64-5 
10-0 

5-0 
20-5 


10-0% 
69-0 
10-0 


5-0 
16-0 


10-1% 


Semi-hard wheat, “‘Ostka Chlopicka”’: 


Wheat 
Butter fat 
Salts* 

Rice starch 


Level of protein intake ... 


75-7 
10-0 
5-0 
9-3 


106% 


Soft wheat, ‘“‘ Dahkowska Graniatka”’: 


Wheat . 
Butter fat 
Salts* 

Rice starch 


* Steenbock & Nelson’s [1923] salt mixture No. 40. 
+ These diets were supplemented with brewer’s yeast extract. 


by a preparatory period lasting about 7 days with the object of accustoming the 
rats to the diet. The actual test began with the day when the daily ration had 
to be increased, and the rats were showing a steady gain in weight. The last two 
columns of Table III give the results of the tests, expressed as the ratio of the 
increase in weight of the rat to the amount of protein consumed over the 30-day 


test period. 
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BIOLOGICAL VALUE OF CEREAL PROTEINS 


Table III. Biological values of the various proteins 


Source of protein in diet 


Rolled oats 


Whole buckwheat groats 


Fine buckwheat meal 


Millet meal 


Barley meal 


Semolina 


Polished rice 


Wheat flour 


White wheat bread 


Protein 
level* 
4-1 


8-0 


16-2 


8-4 


46 


8-4 


9-3 


9-9 


10-0 


Sex 


O,Oy +0 


O,O,4040 O,OQ,404 


) 


tO+0 O,Oy+0+4 


> 


tO QyQ4040 QUOD AQ 


Oy Oy K 


+ 


Ox O,+ Os Os + OOo 


OQ,O,40+4 


Gain 

in wt. 

g.=a 
15 
16 
14 
18 
46 
34 
46 
30 
92 
90 
98 
94 


77 
65 
60 
73 
107 
116 
114 
103 


38 
33 
37 
41 
22 
20 
13 
17 
30 
36 
18 
23 


70 
89 
64 
89 


61 
51 
59 
49 
58 


40 
34 
42 
37 
22 
25 
21 
36 
20 
21 
19 


25 


Total intake 


—— 


Food* 
223-6 
245-4 
222-0 
271-0 
260-2 
184-7 
273-8 
164-0 
344-5 
317-4 
342-2 
340-9 


336-4 
342-2 
312-4 
345-2 
399-0 
388-6 
415-5 
335-5 


272-8 
252-9 
288-9 
279-2 


237-2 
222-2 
200-0 
230-7 
259-8 
304-0 
164-1 
218-7 


411-6 
468-9 
354-2 
467-5 


364-2 
318-3 
358-3 
316-1 
415-0 


324-0 
255-3 
345-0 
255-9 


251-4 
228-3 
238-4 
304-8 


999.9 


203-9 
231-9 


227°3 


* Calculated on dry weight. 


Protein* 
g.=b 
9-17, 
10-06 
9-10 
11-11 
20-82 


33-32 
29-40 
38-60 


24-62 
19-40 
26-22 


19-45 


24-89 
22-60 
23-60 
30-17 
22-22 
20-39 
23-19 


22-73 


Biological 
value of 
protein 

a:b 
1-64 
1-59 
1-54 
1-62 
2-21 
2-30 
2-10 


~) 
~) 
. 


i ee OS 
I> by 
“Ico-] 


a4 
S 


to OD bo 


Cibo ty = 


= 
S$ 


Sie 
Cow 


who bo bo bo by bo be 


~) 


1-50 


1-62 
1-75 
1-60 
1-90 


0-18 
1-11 
0-89 
1-19 


0-90 
1-03 
0-82 
1-10 


1975 


Mean 
1-60 


bo 
bo 
bo 


2-98 


0-88 


1-98 


1-69 


1-02 


0-96 
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Table III (cont.) 


Total intake Biological 
Gain —_——_- — value of 





Protein in wt. Protein* _ protein 

Source of protein in diet level* Sex g.=a Food* g.=b a:b Mean 

Hard wheat, ““ManitobaII” 10-1 2 51 318-4 32-16 1-59 1-73 
3 57 331-1 33-44 1-71 
3 52 273-3 27-60 1-88 

Hard wheat, “Garnet” 10-0 2 66 372-0 37-20 1:77 1-84 
3 58 308-0 30-80 1-88 
3 57 306-4 30-64 1-86 

Semi-hard wheat, “ Ostka- 10-1 2 62 361-3 36-49 1-70 1-67 
Chiopicka”’ 2 55 328-3 33-16 1-66 
3 53 320-0 32-32 1-64 

Soft wheat, ‘ Dankowska 10-6 2 58 323-3 34-27 1-69 1-66 
Graniatka”’ 2 62 346-5 36-73 1-69 
3 59 344-8 36-55 1-61 


* Calculated on dry weight. 


Three protein levels, viz. 4-1, 8 and 16-2 % , were examined in the experiments 
with rolled oats: The 8% protein level gave the highest mean biological value 
(2-22), lower values being obtained at the other two levels. 

Wholemeal buckwheat groats, studied at two protein levels, gave a higher 
biological value (2-45) for the lower level of 8-4 °% . The proteins of fine buckwheat 
meal had an exceptionally high biological value of 3-0; in view of the low protein 
content_of this cereal (4-9 %), only one protein level (4-6 %) was studied. 

Barley méal, studied at a protein level of 9-2 % , gave a mean biological value 
of 2-0, whilst polished rice (protein level 7-6 °%) gave a value of 1-7. The lowest 
biological values were found for millet meal protein, not exceeding unity for 
protein levels of 8-4 and 12-8 % . This indicates the low nutritional value of millet 
seed protein. 

Semolina, examined at a level of 9-3 %, gave a mean value of 1-7. This value 
is higher than those obtained by us in an earlier research for white wheat bread 
proteins and gluten, these approximating to unity. 

The effect of the processes involved in the production of bread from wheat 
grain on the biological value of the protein was studied by comparing the values 
for whole grain, meal, flour and bread, fed at protein levels of 9-10%. The 
results obtained (Table III) indicate that the biological value of whole grain 
(1:7—1-8) differs little from that of semolina (1-7), but is much greater than for 
wheat flour and white wheat bread (1-0). This shows that the production of 
white flour involves the rejection of those parts of the grain which are richest in 
proteins of high biological value, but that the latter are present in semolina. 

A study of the biological values of the proteins of a series of hard and soft 
wheats,! of which the most typical are illustrated in Table III, showed that no 
clear-cut differences are to be found between the biological values of the pro- 
teins of the two varieties. 

Discussion 
The proteins of all the meals studied, with the exception of millet meal, had 


high biological values. The highest values were obtained for buckwheat, the 
result for fine meal being higher than for whole meal. 


1 The author is indebted to Prof. W. Iwanowski, of the Department of Technology of Fer- 
mentation and Foodstuffs, Warsaw Polytechnic, for the samples of wheat. 
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The mean value of 3-0 obtained for fine buckwheat meal protein, at a level 
of 4-6 %, is much higher than for most other plant proteins and is equal to the 
value of 3-01 found by Osborne & Mendel [1916] for lactalbumin. The weight 
increment of 3 g. per g. of consumed protein is the highest so far reported for a 
vegetable protein, if we exclude the result of Morgan et al. [1932] of 3-87 for a 
residue from extraction of almonds, fed at a protein level of 4-5 °% which did not 
represent a natural mixture of proteins. 

The results obtained for cereal proteins indicate the high nutritional value of 
these products. This is of importance in the study of the nutrition of the poorer 
classes of Poland, who consume large amounts of meal, as well as in the study 
of infant foods, in which such products as fine buckwheat meal, semolina, rolled 
oats and rice represent, apart from milk, the chief sources of protein. 


SUMMARY 


1. The biological values of the proteins of the most common Polish market 
cereals have been determined by the method of Osborne eé¢ al. 

2. The highest biological value was found for buckwheat; the values 
diminished in the order fine buckwheat meal>whole buckwheat groats > rolled 
oats > barley meal > rice =semolina= whole wheat grain (hard or soft) > wheat 


flour > millet meal. 


The author wishes to express her thanks to Docent Dr G. Szule for his un- 
failing and helpful interest in this research. 
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FOLLOWING the discovery by Channon & Chibnall [1929] of n-nonacosan-15-one 
in cabbage leaf wax it has been customary in this laboratory to submit both the 
unsaponifiable and acid fractions of all waxes undergoing investigation to an 
analysis for the presence of ketonic groups, the method used being that of these 
authors, in which advantage is taken of the greatly increased solubility of the 
ketoximes in certain organic solvents. The procedure includes a fairly extensive 
fractional crystallization, and is thus not a particularly suitable one for a rapid 
examination of a large number of waxes: what is required in its place is a more 
direct mode of separation, preferably one in which the substance possessing a 
carbonyl group can, after appropriate treatment, be precipitated from solution 
and removed by filtration. For this reason the recent work of Anchel & Schoen- 
heimer [1936], on the separation from unsaponifiable material of animal origin of 
ketones belonging to the sterol group by coupling them with reagents possessing 
acidic properties, is of great interest. The reagents that they use are p-carboxy- 
phenylhydrazine (p-hydrazinobenzoic acid), carboxymethoxylamine and car- 
boxymethylhydrazine, which form with the ketones acidic hydrazones or oximes, 
the alkali salts of which are water-soluble and may therefore be quantitatively 
separated from the ethereal solution of the other unsaponifiable material. The 
regenerated hydrazones or oximes are then split with either formaldehyde or 
pyruvic acid in alcohol solution, and the ketones recovered in excellent yield. 
If a similar condensation could be effected with long chain aliphatic carbonyl 
compounds then the method, modified if need be to allow for differences in 
solubilities, might clearly be of great use with wax products, and experiments 
have accordingly been carried out on these lines. 

The only reagent which has so far been investigated is p-carboxypheny]- 
hydrazine. Under the conditions described by Anchel and Schoenheimer 
(refluxing the ketone in 95 % alcohol for 2 hr. with the reagent and a few drops 
of acetic acid) very little coupling with a ketone such as myristone took place, 
or even in 24 hr., but in the presence of a few drops of pyridine the reaction was 
complete in 4hr. As was expected, the Na and K salts are insoluble in cold 
water, and a study was therefore made of the solubilities of the hydrazone and its 
various salts. The relevant information gleaned can be summarized as follows: 

(1) The hydrazone is practically insoluble in hot and cold water, but is 
soluble in cold ethyl alcohol and ether. 

(2) The Na and K salts are practically insoluble in hot and cold water and in 
cold ethyl alcohol, but are readily soluble in cold ether. 

(3) The Ba and Pb salts are very sparingly soluble in boiling methyl alcohol 
and are completely insoluble in boiling acetone. The Ca salt is also insoluble in 
boiling acetone, but is very freely soluble in ice-cold methyl alcohol. 


( 1978 ) 
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Trial experiments with mixtures typical of the unsaponifiable fraction of 
waxes, e.g. ketone, primary alcohol and paraffin, showed that after treatment 
with the reagent and solution of the mixture in boiling methyl alcohol the 
hydrazone is precipitated in good yield as the Ba salt on the addition of boiling 
methyl alcoholic Ba(OH), and can be removed by filtration. Furthermore the 
regenerated hydrazone is readily split by alcoholic formaldehyde and the ketone 
is in all cases recovered in 75-80% yield. The other components of the mixture 
remain in the clear methyl alcoholic filtrate and separate in almost quantitative 
yield and free from ketone on cooling to 0°. A further 10-15 % of ketone can be 
recovered by working over the final methyl alcoholic mother-liquor, but the 
product thus obtained is slightly contaminated with the other components of the 
mixture and in practice the extra operation has not been found worth the labour 
involved. 

Both ketonic primary and secondary alcohols can be separated with the same 
facility as simple ketones, but in these cases the hydrazone is not readily split 
by alcoholic formaldehyde, and it is necessary to use alcoholic pyruvic acid. 
The application cf the method to the separation of wax ketonic acids is under 
investigation. 

The new method is rapid in operation and has already been applied to the 
separation of n-nonacosan-15-one from cabbage leaf wax and of palmitone and 
10-hydroxypalmitone from sandal leaf wax [cf. Chibnall et al. 1937]. The 
following waxes have been shown to contain no ketone: apple cuticle wax, tea 
leaf wax, coffee bean wax and sugar-cane wax. 


EXPERIMENTAL 


p-Carboxyphenylhydrazine. “‘p-Hydrazinobenzoic acid” obtained from the 
Eastman Kodak Company was purified by the method of Anchel & Schoen- 
heimer [1936]. 

Reaction with n-nonacosan-12-one. 0-5 g. of ketone (M.P. 74:5°) was added to 
20 ml. of 95% ethyl alcohol containing 0-5 g. of the reagent, 0-3 ml. of acetic 
acid and 0-3 ml. of pyridine and the whole refluxed for 4 hr. After cooling the 
mixture was run into 100 ml. of dilute HCl to remove the pyridine and the 
precipitated hydrazone filtered off and washed with water. It was then distri- 
buted between 4% K,CO, solution and ether to remove excess reagent as the 
water-soluble salt. The ethereal solution was then shaken with dilute HCl, the 
washed solvent removed and the residue taken up in 5 ml. of 95 % ethyl alcohol. 
On standing at room temperature for some hours no ketone crystallised out, 
showing that the coupling was probably complete. 10 ml. of alcohol were then 
added, together with 0-25 ml. of 40% formaldehyde solution and the whole 
refluxed for 5 hr. to split the hydrazone. The alcohol was then removed, the 
residue partitioned between K,CO, solution and water and the ethereal solution 
evaporated. Recrystallization from 10 ml. of warm alcohol gave 0-42 g. of ketone, 
M.P. 74:5°. The yield was 84%. 

Separation of a ketone and paraffin. 0-2 g. of n-nonacosan-12-one and 1-0 g. 
of mixed paraffins (M.P. 67-5°) were treated as before with 0-2 g. of the reagent, 
0-3 ml. of acetic acid, 0-3 ml. of pyridine and 50 ml. of 95% alcohol. After 
removal of the pyridine the washed precipitate was dissolved in 80 ml. of boiling 
methyl alcohol, 2 ml. of a saturated solution of CaCl, in methyl] alcohol and 10 ml. 
of a saturated solution of baryta in methyl alcohol were then added and the 
boiling continued for another 10 min. The presence of CaCl,, which introduces 
CaO into the mixture helps to make the precipitation of the Ba salt of the 
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hydrazone more complete. The mixture was filtered on a hot water funnel and 
the residue washed three times with boiling methyl alcohol. The Ba salt was then 
treated with warm dilute HCl, the free hydrazone extracted with ether, the 
washed solvent removed and the residue taken up in 15 ml. of warm 95% 
alcohol. 0-25 ml. of formaldehyde was then added and the solution refluxed for 
5hr. The recovered ketone (M.P. 74:5°) weighed 0-15 g. (yield 75%). The 
methyl alcoholic filtrates mentioned above were cooled in the ice-chest. The 
material which separated was filtered off, taken up in warm acetone, filtered free 
from Ba salts and the solution cooled to 0°. 0-98 g. of paraffin, M.P. 67-5° 
crystallized out. 

Separation of n-nonacosan-15-one from cabbage leaf wax. 9g. of wax, from 
lkg. of dried leaves, gave 6g. of clean white unsaponifiable material, M.P. 
63-63-5°. This was treated with 0-9 g. reagent, 1 ml. of glacial acetic acid and 
1 ml. of pyridine in 200 ml. of 95 % alcohol. The Ba separation was applied and 
the ketone crystallized from alcohol (0-8 g.; M.P. 79-2°). Recrystallized once from 
acetone (charcoal) it melted at 80-5-80-7°, unchanged when mixed with synthetic 
n-nonacosan-15-one. The yield was more than twice as great as that obtained by 
Channon & Chibnall [1929]. 

Reaction with cocceryl alcohol (15-keto-n-tetratriacontanol). 0-3 g. of the 
ketonic alcohol (M.P. 100-3—100-6°) was coupled as before, using 0-25 g. of reagent. 
The Ba separation was applied and the hydrazone split by refluxing with 15 ml. 
of 95% alcohol containing 1 ml. of pyruvic acid for 5 hr. Recrystallized from 
ethyl alcohol the recovered ketonic alcohol (0-23 g.) melted at 100-2—100-5°. 
The hydrazone is not split readily by formaldehyde. 


SUMMARY 


p-Carboxyphenylhydrazine, which has been used recently by Anchel & 
Schoenheimer to separate ketones belonging to the sterol group from other 
unsaponifiable material of animal origin, condenses with the long-chain ketones, 
ketonic primary and ketonic secondary alcohols of waxes to give acidic hydra- 
zones. 

The barium salts of the hydrazones are insoluble in boiling methyl alcohol 
and can thus be readily separated from the other components of the un- 
saponifiable fraction of waxes, which are soluble. 

The regenerated hydrazones are readily split with alcoholic formaldehyde or 
pyruvic acid, and the ketones or ketonic alcohols are recovered in an overall 
yield of 75-80%. 


In conclusion I should like to thank Prof. A. C. Chibnall for suggesting this 
research and for advice. 
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SANDALWOOD is a well-known article of commerce, the scented heartwood being 
employed in manufacturing curios while the fragrant oil from it is used in 
medicine. The tree itself is a root parasite, belonging to the order Santalaceae, 
being the only important member of this genus. It is indigenous to India, 
growing exclusively and extensively in the Deccan plateau. It grows generally 
to a height of 40-50 ft., a mature tree yielding the sweet-smelling wood when 
25-30 years of age. The leaf is generally ovate, sometimes ovate-lanceolate, and 
glabrous; it shines on the upper surface exposed to the sun and is glaucous 
below. As a food for sheep and goats it is excellent and second only to grass. 

The mineral and general chemical composition has already been reported 
[Varadaraja Lyengar, 1928-37]. That the leaves contain an appreciable amount 
of wax was first noted in some experiments on the extraction of sugars men- 
tioned below. The method since adopted for the extraction and purification is 
simple and can be readily adapted to large scale commercial manufacture ; for 
this reason its physical properties and general characteristics are being examined 
in detail and will be reported elsewhere. 

To the biochemist this wax is of interest in that it contains two ketonic 
substances which have not hitherto been found in natural products; palmitone 
(n-hentriacontan-16-one) (I), with the ketonic group in the centre of the carbon 
chain, as in n-nonacosan-15-one, the only other known wax ketone [Channon & 
Chibnall, 1929] and d-10-hydroxypalmitone (n-hentriacontan-10-ol-16-one) (IIT), 
the first representative of a new group of wax products, the ketonic secondary 
alcohols. 

Our investigation has, as usual, been guided by X-ray analysis, and in no 
other instance has its employment proved so efficacious, the structure of the 
ketonic secondary alcohol being determined with an expenditure of only 
100 mg. of material. This product M.P. 96-4-96-6°, which appeared in the 
secondary alcohol fraction when the unsaponifiable material of the wax was 
passed through the phthalate treatment of Chibnall e¢ al. [1931], gave on X-ray 
analysis (Series B, 476) an excellent plate with 11 orders (the limit of rock) 
showing an unusual intensity distribution. The spacing was 41-4 A. and as there 
was no evidence of a doubled molecule the chain length was clearly C;,, as in 
palmitone. The presence of two polar groups was necessary to account for the 
intensity distribution, and neither could be on the last or penultimate carbon 
atom, for this would cause the spacing to be doubled, owing to crystallization 
occurring with two carbon chains between the 001 planes like end to like end 
[Shearer, 1925]. The preparation of a monoacetate, M.P. 39-5-40°, and of a 
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monoxime, M.P. 63-4-63-6°, showed that this second polar group was ketonic 
and that the substance was a ketonic secondary alcohol. 

Clemmensen reduction gave a secondary alcohol, m.P. 81-0-81-2°. The X-ray 
spacing (Series B, 501) was 41-65 A. and the plate showed orders up to the eighth, 
with third and sixth absent. This showed that the polar group must be almost 
exactly one-third of the distance along the chain from one end, i.e. at position 10 
or possibly 11. Position 10 seemed the more likely, since the results of all our 
researches on waxes have emphasized regularities in structure, and n-hentri- 
contan-10-ol (II) would be the next higher odd-number homologue of the 
secondary alcohol n-nonacosan-10-ol present in apple cuticle wax [Chibnall et al. 


an} CH,. (CH,),,-CO. (CH,),4-CH, (I), 
CH, . (CH,),).CHOH. (CH,),.CH, (11), 
CH,.(CH,),;.CO.(CH,),.CHOH.(CH,),.CH, (III), 
CH,.(CH,),,.CO.(CH,),.CO.(CH,),.CH, — (IV). 


Owing to the small quantity of material available the position of the ketonic 
group could not be determined very conveniently by chemical means. Also it is 
not possible to write a simple equation which will immediately give the positions 
of two polar groups on a hydrocarbon chain from an inspection of the intensities 
of the first few orders on the X-ray plate. It is of course possible to construct 
a series of equations to give the intensity distribution for all positions of the two 
groups, and to find which of these gives the best correspondence with the photo- 
graph. This would prove extremely laborious and it is also possible that two or 
more equations would give rather similar distributions for the comparatively few 
orders registered on the plate. However the presence of palmitone in the wax 
is significant and suggested that a likely position for the oxygen atom in the 
ketonic alcohol would be at the 16th carbon atom. Since reasons have already 
been given for assuming that the hydroxyl group is at position 10 the suggestion 
was made that the substance might be 10-hydroxypalmitone (III). The intensity 
distribution for this arrangement of the two polar groups was then calculated 
and agreed well with the photograph of the ketonic alcohol, the sixth order being 
absent and the third order weaker than the fifth. 

Finally, as Mrs G. M. Robinson was able to place at our disposal a small 
amount (0-35 g.) of 7-ketopalmitic acid we were able to verify the supposition 
without difficulty by synthesis. In the first place the ketonic alcohol was oxidized 
to the corresponding diketone.1 We then synthesized n-hentriacontan-10: 16- 
dione (IV) from ethyl sodio-2-acetylpalmitate and 7-ketopalmityl chloride by 
the method of Robinson & Robinson [1925]. The yield was poor, only 2 mg., but 
the X-ray plate gave exactly the same intensity distribution as the diketone 
obtained from the natural product and a comparison of the melting points 
left no doubt that the two diketones were identical. Our deductions as to the 
positions of both polar groups in the ketonic secondary alcohol were therefore 
completely verified. The presence of an asymmetric carbon atom suggested that 
the substance should be optically active and in this respect it was found to be 
similar to the secondary alcohol d-nonacosan-10-ol of apple cuticle wax, for it 
exhibited no appreciable rotation within the limits of solubility (ca. 1%) in the 
usual solvents, but a 10% solution of the hydrogen phthalate gave a small] but 
definite rotation [«]>°+0-8°. The substance is therefore d-10-hydroxypalmitone. 

1 It is interesting to note that although the ketonic alcohol differs from the diketone in 
scattering power by only two H atoms, there is a definite difference in the detail of the intensity 
distribution on photographs of the two compounds. The reason for this difference will be dis- 


cussed elsewhere. 
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All the secondary long-chain aliphatic substances which we have hitherto 
found in waxes have had the polar group attached at positions 10, 15 or 20, 
counting from the terminal methyl group [Chibnall & Piper, 1934, Blount e¢ al. 
1937]; it is of interest therefore to note that in the present case the two new 
substances have the ketonic group in position 16. The wax itself is also of 
interest in that the unsaponifiable fraction contains no paraffin and has such a 
high content of ketonic substances, its composition being approximately 44% 
palmitone, 6% 10-hydroxypalmitone and 50% mixed primary alcohols (75% 
Cyg+25% Cy). In a preliminary investigation p-carboxyphenylhydrazine 
[Mangouri, 1937] was used to separate ketonic substances, but the palmitone 
thus obtained was impure, owing to the fact that 10-hydroxypalmitone also reacts 
with the reagent. When a wax contains both ketones and ketonic alcohols 
therefore the more laborious phthalate treatment must be used for the initial 
separation of the latter. 


EXPERIMENTAL 
Preparation of the waz 


When treating the leaf tissue with boiling 95% alcohol to extract sugars by 
the method of Davis et al. [1915-16] it was noticed that the clear filtered solution 
deposited a fluffy wax-like precipitate on cooling. In order to investigate the 
substance further, the following procedure, which is more suitable for the 
purpose than that of Chibnall e¢ al. [1931], was eventually adopted for its pre- 
paration. The fresh leaves were thrown into a large excess of 95% alcohol in a 
metal container and the mixture gently boiled on a steam-heated water-bath 
for 5-10 min. The leaf residues were then filtered off on fine copper gauze and 
the filtrate allowed to cool. The deposit of crude wax was taken up in the 
minimum volume of boiling 95% alcohol, the solution filtered hot and the 
filtrate cooled. The separated wax was then refluxed with acetone and the 
mixture filtered hot on a Biichner funnel. On cooling the filtrate deposited the 
purified wax, a pale yellow solid melting at 86° (uncorr.). It is more readily 
soluble in boiling alcohol than in boiling acetone. 

On a large (commercial) scale the leaves are first washed with water to 
remove dust, soil particles etc. and then tightly packed in a close-meshed wire 
basket or in a drum containing a large number of small holes. The basket or 
drum is then immersed in the boiling alcohol for 5-10 min. as before. Under 
appropriate conditions the loss of alcohol is very small. 


Constituents of the wax 

Many of the operations employed are those which have been described 
repeatedly in previous papers and are noted here as briefly as possible. 

Saponification of wax. The wax (30g.) was dissolved in 450 ml. of hot 
benzene, 300 ml. of 10% alcoholic KOH were added and the mixture boiled 
under reflux for 12 hr.; 400 ml. of alcohol containing 40 g. of CaCl, were then 
added and the boiling continued for another 2 hr. The subsequent procedure 
followed that of Chibnall et al. [1934], the second saponification with sodium 
ethoxide being omitted. The yield of fatty acid, m.P. 80-5°, was 4-9 g., and of un- 
saponifiable material was 22-3 g. The latter was fractionated by the phthalate 
method of Chibnall e¢ al. [1931]. 

Primary alcohol. The insoluble sodium salt of the primary alkyl phthalate 
(19 g.) when hydrolyzed with sodium ethoxide in benzene-alcohol [Pollard et al. 
1931] gave 10 g. of crude primary alcohol, which was recrystallized from warm 
acetone (charcoal). It melted at 82-5-83°, its acetate at 65-7° and the derived 
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acid at 86-0-86-2°. From the data of Piper et al. [1934] the primary alcohol is 
approximately 75 % n-octacosanol with 25% n-triacontanol. 

Palmitone (n-hentriacontan-16-one). After the second phthalate treatment 
and removal of the second (small) amount of insoluble sodium salt of the primary 
alkyl phthalate the ethereal solution was evaporated to dryness and taken up 
in 120 ml. of warm alcohol. On cooling 8-5 g. of material, m.p. 81°, crystallized 
out. Extensive fractionation showed that paraffins were absent, and on re- 
crystallization of the collected material from benzene-alcohol at 37° it was 
obtained in plates melting at 82-8-83-0°. X-ray analysis (Series B, 468) gave 
41-3 A., with only a trace of the second and no other even orders, suggesting 
that the substance had a chain length of C,, with a polar group attached to 
the central carbon atom, i.e. that the substance was palmitone. This was con- 
firmed by a mixed melt with the synthetic substance (M.P. 82-7-83-1°) which 
showed no depression. The oxime was prepared in the usual way; M.P. alone, and 
mixed with synthetic oxime, 59°. 

The ketonic secondary alcohol. The secondary alcohol fractions from the two 
phthalate treatments were combined. The material (2-2 g.) was freely soluble in 
cold low-boiling petroleum, showing that all palmitone had been removed. On 
saponification with sodium ethoxide in benzene-alcohol it gave a product (1-2 g.) 
melting at 95°. This was recrystallized six times in all from acetone at 30°, 
when it was obtained in fine hexagonal plates melting at 96-4—96-6°. The identifi- 
cation of the substance as d-10-hydroxypalmitone has been described above. 
(Found: C, 79-9; H, 13-2%. C,,H,.0, requires C, 79-8; H, 13-3%.) The acetyl 
derivative was prepared in the usual way with acetic anhydride and fused sodium 
acetate. When heated slowly the crystals shrink between 41-5 and 42-5° and fuse 
at 43-0-43-5°. (Found: C, 77-8; H, 12-6%. C,3;H,,O; requires C, 77-9; H, 
12-65 % .) The oxime crystals melted at 63-4-63-6°. (Found: N, 3-0 % . Cy;H¢g0.N 
requires N, 2-9 %.) 

Clemmensen reduction of the ketonic secondary alcohol. This was first carried 
out on 37 mg. of material, but as the resulting secondary alcohol may quite 
likely occur in waxes we have repeated the reduction with 0-2 g., using 5 g. of 
amalgamated zinc, 5 ml. of glacial acetic acid and 10 ml. of conc. HCl. The 
mixture was refluxed for 36 hr., 1 ml. of HCl being added at the end of each 
hour, and a further 5 g. of zine at the end of 8, 20 and 28 hr. respectively. Excess 
of water was then added and the reduced alcohol extracted with ether. After 
thorough washing the ethereal solution was evaporated and the product crystal- 
lized from 10 ml. of acetone at 0° (0-126 g.). It was then oximated to remove 
any unreduced ketonic alcohol, using 0-15 g. KOH, 0-1 g. hydroxylamine hydro- 
chloride and 15 ml. alcohol and refluxing for 20 hr. The mixture was then poured 
into excess of dilute H,SO,, extracted with ether, the ethereal solution washed 
and the product transferred to warm acetone (15 ml.). On cooling to room 
temperature 0-111 g. of material separated; any ketoxime present would have 
remained in solution. Recrystallized twice from 20 ml. of acetone at 30° the 
secondary alcohol was obtained in clusters of stumpy needles, M.P. 8]—-81-2°. 
(Found: C, 82-0; H, 14:1%. C,,H,,O requires C, 82-2; H, 14-25%.) Its identifi- 
cation as d-n-hentriacontan-10-ol has been discussed above. The acetyl derivative 
was prepared in the usual way; M.P. (of crystals) 39-5-40-5°. 

Oxidation of the ketonic secondary alcohol to the diketone. 29 mg. of the ketonic 
alcohol were dissolved in 5 ml. of glacial acetic acid at 60° and treated at that 
temperature with 12-5 mg. of CrO, in 1-25 ml. of the same solvent added in small 
amounts during 15 min. Excess of water was added and the precipitated 
diketone filtered off and thoroughly washed. It was then dissolved in the ether 
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which was shaken first with aqueous alkali, then with acid and finally with water. 
The ether was then removed and the product crystallized from acetone at 0°. 
The yield was 24-2 mg.; M.P. 87-8-88°. Recrystallized once from acetone at 30° 
it separated in aggregates of small rhombic plates melting at 87-9-88-1°, alone 
and mixed with the synthetic diketone. The intensity distribution shown on 
the X-ray photograph (Series B, 499; 41-6 A.) has been described above. 

Synthesis of n-hentriacontan-10:16-dione. The method of Robinson & 
Robinson [1925] as used by Robinson [1930] for the synthesis of 4:13-diketo- 
palmitic acid was used. n-Tetradecanol (Fraenkel and Landau) was distilled 
and the fraction boiling at 114-117°/0-4 mm. collected ; crystallized from acetone 
at 0° it melted at 37-8-38°. 10 g. of the alcohol were converted into the iodide: 
B.P. 185-190°/10 mm. (Organic Syntheses, 15, 29). Sodium (0-43 g.), alcohol 
(30 ml.), ethyl acetoacetate (2-4 g.) and the iodide (6-0 g.) gave ethyl 2-acetyl- 
palmitate, a colourless oil which was fractionated twice by distillation; 2-9 g., 
B.P. 162°/0-5 mm. 

7-Ketopalmitic acid (0-36 g.) was heated with purified thionyl chloride (3 ml.) 
for 3 hr. at 55-60°. The solution became brownish. The excess thionyl] chloride 
was then removed in vacuo at room temperature and the resulting oily 7-keto- 
palmityl chloride dissolved in 5 ml. of dry ether. Ethyl 2-acetylpalmitate 
(0-435 g.), dissolved in dry ether (5 ml.) was added to emulsified sodium (30-7 mg.) 
suspended in ether and the mixture warmed gently for 3 hr. until the sodium 
had dissolved. It was then cooled on ice and the ethereal solution of the acid 
chloride slowly added. After standing overnight at room temperature the 
mixture was boiled for 10 min., poured into excess of ether and NaCl removed 
by washing with water. The ethereal solution was evaporated, the residue 
suspended in 5% aqueous NaOH and shaken for 18 hr. at room temperature. 
The concentration of NaOH was then increased to 8% and the mixture boiled 
under reflux for 3 hr. After cooling it was extracted with ether, the ethereal 
solution washed with dilute HCl and then with water. The ether was removed 
and the product taken up in 3 ml. of warm acetone. On keeping at room tem- 
perature overnight 4 mg. of crude diketone separated. This was dissolved in a 
few ml. of boiling acetone (charcoal) and the clear solution reduced to 2 ml. On 
keeping overnight at 0° the diketone crystallized in clusters of small rhombic 
plates. The yield was 2 mg. and the m.P. 87-8-88-1°. The intensity distribution 
shown in the X-ray photograph (Series B, 499; 41-53 A.) has been discussed 
above. A trial run using a sample of the same ester (0-435 g.), sodium (30-6 mg.) 
and stearyl chloride (from 0-3787 g. of the acid) gave 52-8 mg. of crude stearyl- 
palmityl ketone (n-tritriacontan-15-one), M.P. 74-2-74-4°; recrystallized from 
acetone (charcoal) at room temperature it separated in colourless plates (21-8 mg.), 
M.P. 78-8—79-2°. Under similar conditions 4-ketomyristyl chloride (from 0-388 g. 
of the acid) and 4-ketosteary] chloride (from 0-36 g. of the acid) gave no diketone, 
the only product isolated (by steam distillation) being methylpentadecy] ketone. 


SUMMARY 


The wax from the leaves of sandal (Santalum album Linn.) contains two 
interesting compounds which have not hitherto been found in waxes, palmitone 
and d-10-hydroxypalmitone, M.P. 96-4-96-6°. 

The wax yields but little fatty acid on saponification, and the unsaponifiable 
material consists of mixed primary alcohol (50%), palmitone (44%) and d-10- 
hydroxypalmitone (6%). The high content of ketonic substances and the 
complete absence of paraffins is noteworthy. 
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The elucidation of the structure of the d-10-hydroxypalmitone was greatly 
facilitated by X-ray analysis. During the course of the work the following new 
compounds were prepared: »-hentriacontan-10:16-dione, M.P. 87-9-88-1°; d-n- 
hentriacontan-10-ol, M.P. 81-81-2° and n-tritriacontan-15-one, M.P. 78-8—79-2°. 


In conclusion we should like to thank Mrs G. M. Robinson for a sample of 
synthetic 7-ketopalmitic acid. 
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THE discovery by Walker [1934; 1935], amply confirmed by other investigators, 
that the symptoms of myasthenia gravis could be temporarily relieved by the 
parenteral administration of physostigmine or, with better results, of prostigmin, 
one of its synthetic analogues, has led to the suggestion [Hamill (see Walker, 
1935); Pritchard, 1935] that the abnormal fatiguability in myasthenia is due 
either to a deficiency in the liberation of acetylcholine or to an abnormally rapid 
destruction of this substance. These suggestions were the logical outcome of the 
demonstration by Dale and his co-workers [e.g. Dale et al. 1936] that the trans- 
mission of an impulse from a motor nerve to its effector organ is brought about 
by the liberation from the nerve ending of acetylcholine. If the latter were 
released in subnormal amounts, muscular weakness would clearly result. The 
same effect could, however, conceivably be produced by an abnormally rapid 
destruction of the acetylcholine, liberated in adequate quantity, owing to the 
presence of excessively high concentrations of choline-esterase, the enzyme which 
destroys acetylcholine and hence prevents its accumulation in the body. In 
either case, the relief afforded by prostigmin would be due to its known inhibitory 
action on choline-esterase. 

The present investigation was commenced some years ago in the hope that 
the data obtained by the estimation of the choline-esterase content of the blood 
of patients suffering from myasthenia gravis would permit us to distinguish 
between the above two possibilities. A statement of the broad results of the 
investigation, which has shown a low content of the enzyme in the serum, and an 
approximately normal one in the corpuscles, of such patients, has already been 
published by one of us [Stedman, 1935]. Since that time, however, Hicks & 
Mackay [1936] have claimed, as a result of the examination of one case of 
myasthenia gravis, that the disease is associated with a high content of choline- 
esterase in the serum, while McGeorge [1937] has concluded from an investigation 
of three cases, that the content falls within the normal range. It therefore appears 
advisable for us to publish the details of our results together with such extensions 
as have since been made. 


RESULTS 


For the determination of the choline-esterase, the method described by 
Stedman & Stedman [1935] has been used. This has been applied to defibrinated 
blood as well as to serum and to a suspension of washed corpuscles in physiological 
saline. The results have been collected in Tables I-III, which refer respectively 
to myasthenic patients, to patients suffering from certain other diseases and to 
normal subjects. The figures can be regarded as a measure of the choline- 
esterase content of the blood etc. employed. Actually, they represent the 
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Table I. Choline-esterase in blood of myasthenics 


Results 

—— Oooo 

Date Patient Blood Serum Corpuscles 
26. ii. 35 Miss M. 0-210 0-061 0-167 
4. iii. 35 Mr W. S. 0-235 0-099 0-185 
12. iii. 35 Mrs M. 0-151 0-030 0-131 
20. iii. 35 Mrs 8. 0-188 0-089 0-140 
22. iii. 35 No. 1 (from Dr Pennybacker) 0-241 0-167 0-160 
30. iii. 35 No. 2 (from Dr Pennybacker) 0-190 0-089 0-136 
3. v. 35 No. 3 (from Dr Pennybacker) 0-176 0-044 0-158 
26. iv. 35 Mrs H. 0-181 0-038 0-156 
7. vii. 35 Miss H. 8S. 0-206 0-100 0-168 
3. iii. 36 Mr A. B. 0-201 0-093 0-134 
11. vi. 36 R. W. (from Dr M. Walker) 0-139 0-070 0-090 
11. vi. 36 D. C. (from Dr M. Walker) 0-145 0-102 0-096 
Average 0-189 0-082 0-143 


Table II. Choline-esterase in certain pathological bloods 


Results 


Disease Blood Serum Corpuscles 


Neurosis 0-219 0-139 0-142 
Ocular palsies 0-268 0-148 0-179 
Epilepsy 0-193 0-093 0-159 
Polyneuritis 0-175 0-137 0-096 
Progressive muscular atrophy 0-135 0-075 0-119 
Progressive muscular atrophy 0-104 0-057 0-055 
Muscular atrophy 0-172 0-130 0-112 
Muscular dystrophy 0-168 0-075 0-145 
Myotonia atrophica 0-164 0-106 0-116 
Congenital myotonia 0-140 0-051 0-116 

Average 0-174 0-101 0-124 


Table III. Choline esterase in normal blood 


Blood Serum Corpuscles 
0-377 0-353 0-198 
0-268 0-148 0-179 
0-256 0-126 0-195 
0-244 0-133 0-184 
0-243 0-138 0-165 
0-232 0-144 0-156 
0-213 0-111 0-146 
0-199 0-115 0-126 
0-198 0-084 0-141 
Average 0-248 0-150 0-166 





volumes of carbon dioxide liberated from bicarbonate by the acetic acid pro- 
duced by the action of 0-05 ml. of the material concerned on acetylcholine for a 
period of 50 min. It should be emphasized that the corpuscles, after washing 
with saline, were brought to a volume identical with that of the blood from which 
they were obtained. The figures for the corpuscles therefore represent the 
portion of the choline-esterase activity of the whole blood for which they are 
responsible. The serum, on the other hand, was used in an undiluted condition. 
Hence the values quoted for this material will represent from 160 to 200%, 
according to the corpuscular volume, of the portion of the choline-esterase 
activity of the whole blood which the serum contributes. 
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It will, we believe, at once become evident from an inspection of the indi- 
vidual figures in the three Tables that the results obtained with the bloods from 
myasthenic patients differ on the whole from those yielded both by the normals 
and by the non-myasthenic patients in respect of the fact that the choline- 
esterase activities of the sera are noticeably smaller. In order to emphasize this 
difference, the figures in each Table have been averaged. Thus, the average 
serum value for the myasthenics is 0-082 as compared with 0-101 and 0-150 for 
the other two groups. Nevertheless, the activities of the myasthenic corpuscles 
do not diverge significantly from those of the non-myasthenic groups. The 
myasthenic bloods are thus distinguished from the others examined in that the 
choline-esterase content of the serum is low as compared with that of the 
corpuscles, a difference which is, we believe, best illustrated by comparing the 
ratios of the activities of the corpuscles to those of the sera. Using average values, 
the figures representing these ratios are: for the myasthenics, 1-74, for the other 
pathological bloods, 1-23; and for the normals, 1-11. For the reasons mentioned 
above, these ratios do not, of course, represent the actual distribution of choline- 
esterase between corpuscles and serum. 

In two cases of myasthenia gravis, it has been possible to estimate the 
choline-esterase content of the blood over an extended period of time. The actual 
results obtained are recorded in Tables [IV and V. Added interest is attached to 
these results on account of the fact that, prior to the last estimation recorded, 
striking remissions of the disease occurred in both cases. As can be seen from 


Table IV. Variations of choline-esterase in myasthenic blood (Miss M.) 


Results 


C— A 
Date Blood Serum Corpuscles 

26. ii. 35 0-210 0-061 0-167 

6. iii. 35 0-187 0-058 0-142 

18. v. 35 0-153 0-046 0-140 
25. vi. 35 0-179 0-058 0-153 
25. vi. 35 0-136 0-029 (After prostigmin) 

2. vii. 35 0-184 0-064 0-158 
10. iii. 36 0-145 0-066 0-101 


Table V. Variations of choline-esterase in myasthenic blood (Mrs H.) 


Results 





Date Blood Seru> Corpuscles 
26. iv. 35 0-181 0-038 0-156 

. vv. 35 0-234 0-076 : 0-183 

. Vv. 35 0-191 0-063 (After prostigmin) 

. Vi. 35 0-206 0-073 0-176 

- Vii. 35 0-219 0-074 0-179 

. iv. 35 0-103 0-645 0-089 


the figures in the tables, the improvement in the patient’s condition was, in each 
case, associated with a diminution in the choline-esterase content of the blood, 
this diminution being largely, if not wholly, due to a reduction in the content of 
the enzyme in the corpuscles. This result is clearly in harmony with the finding 
that there is, in myasthenic blood, an abnormal distribution of choline-esterase 
between corpuscles and serum. Incidentally, it should be pointed out that 
Tables IV and V give, in each case, one result which was obtained with blood 
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collected 1 hr. after the administration of prostigmin. The inhibitory action of 
the drug on the enzyme is apparent from the figures. It was not, unfortunately, 
possible to estimate the activity of the corpuscles under these conditions on 
account of the fact that during the process of washing the inhibitory effect dis- 
appeared. That the drug did, however, exercise an inhibitory action on the 
enzyme in the corpuscles follows from the value obtained for whole blood. 


DIscussION 


The difficulty in interpreting the above results lies in the fact that the enzyme 
which is effective in destroying acetylcholine is the choline-esterase which is 
present in the tissues. That present in the blood doubtless exists as a safeguard 
to deal with such acetylcholine as may escape destruction in the tissues. Never- 
theless, in view of the result that the content of choline-esterase in the blood of 
myasthenics is undoubtedly no higher than in normals, it appears justifiable to 
conclude that the muscular weakness in myasthenia gravis is not due to an 
excessively rapid destruction of acetylcholine by the enzyme in question, but 
must rather be caused by a deficiency in the production of this substance in the 
nervous tissue or, less probably, by a defect in the mechanism of its liberation. 
Whether any significance can be attached to the abnormal distribution of choline- 
esterase between serum and corpuscles in myasthenics is not at present certain, 
particularly in view of the relatively few cases which it has been possible to 
examine. Nevertheless, it is an attractive hypothesis to consider that the con- 
centration in the corpuscles varies with that in the tissues, or, in other words, that 
the factor which controls its distribution between serum and corpuscles also con- 
trols that between serum and tissues. On such an assumption one could interpret 
the results 1s indicating that the concentration of choline-esterase in the tissues 
of myasthenics is at approximately its normal value, and that the lowered serum 
value is the first result of an attempt of the body to compensate for its deficiency 
in acetylcholine by reducing the amount of choline-esterase available for its 
destruction. In the two cases in which remissions occurred, this process has 
apparently proceeded further and has resulted in a reduction of the choline- 
esterase in the tissues. If such an interpretation be justified, it would appear 
that the remissions are due, not to a spontaneous removal of the causes which 
are responsible for the muscular weakness, but to a compensatory reduction in 
the quantity of choline-esterase available. 


SUMMARY 


Estimations have been made of the choline-esterase content of blood from 
persons suffering from myasthenia gravis, and the values obtained have been 
compared with the results given by certain other pathological bloods and by 
normal blood. The total contents of the myasthenic and pathological bloods are, on 
the whole, lower than that of normal blood. The myasthenic blood is, however, 
distinguished from the two other groups in that the average serum content is 
lower, while the content of the corpuscles approximates to that of the normals. 
There thus appears to be a disturbance of the distribution of the enzyme be- 
tween corpuscles and serum in myasthenia gravis. In two cases, striking 
remissions of the disease were observed to be associated with a marked diminution 
of the choline-esterase content of the corpuscles. A possible interpretation of 
these results has been advanced. 
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THE determination of ascorbic acid in plant material has received considerable 
attention, especially since modifications of Tillmans’s method by various 
investigators has made the reduction of 2:6-dichlorophenolindophenol specific 
for the vitamin. Apart from detailed work on the best technique to employ for 
the determination, investigators have been largely concerned with comparisons 
of the vitamin C contents of different fruits and vegetables, the samples pre- 
sumably being taken as representative of the plant under consideration, and less 
attention has been given so far to the variations encountered among varieties 
or within any one variety at different stages of growth. The present investigation 
followed upon an attempt to differentiate healthy and diseased tubers of 
varieties of Solanum tuberosum by a study of the oxidation-reduction potentials 
of the tissue and ultimately led to the use of the reagent now commonly employed 
in the determination of ascorbic acid. The results obtained show that it is 
possible not only to separate healthy tubers of a particular variety from tubers 
infected with virus diseases or blight, but to make a partial separation of healthy 
tubers of different varieties. The value of the latter observation depends, of 
course, upon the presumption that the tubers are free from disease, which is not 
valid, as far as virus is concerned, without reliable information on the source of 


the crop. 





















PRELIMINARY EXPERIMENTS 


The first experiments, made with thin slices of tuber, showed that the reducing 
power of the tissue, measured by the time taken to decolorize definite amounts of 
a dilute aqueous solution of the indicator (2:6-dichlorophenolindophenol), varied 
considerably from point to point of the tuber. It was necessary, therefore, to 
adopt some method of obtaining an average value for a tuber and, since pulping 
is liable to hasten the oxidation of the vitamin, cores of constant diameter 
11 mm. and length 15mm. were taken by means of a cork borer and fixed 
parallel knives, and were found to give more uniform results. Several cores from 
different parts of the same tuber were used in each test and it was at once 
apparent that the rate of decoloration of the indicator depended upon variety 
and upon whether the tuber was from healthy or diseased stock. 

As a means of obtaining some preliminary figures, cores from the heel, centre 
and rose end of each tuber were heated with 20 ml. water at 100° and the filtrate 
titrated with 0-0005.M indicator, standardized with iodine and ascorbic acid 
[Harris & Ray, 1933], the end-point being taken when a faint blue colour per- 
sisted for 2 min. Table I shows that the reducing power is fairly constant for 
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Table I. Amount of indicator reduced after different periods of heating 


Time of 
heating ml. indicator reduced 
min. = 
5 0-45 0-46 0-45 
15 0-56 0-58 0-55 
30 0-77 0-75 0-78 





different tubers of the same variety and increases with the time of heating, whilst 
Table II, containing a selection of average results for tubers from different 
localities, indicates that the method offered considerable promise as a means of 
identifying variety in healthy tubers and the presence of disease in any one 
variety. The varieties of each pair 1 and 2, 3 and 4, 5 and 6, for example, possess 
tuber characteristics which make them extremely difficult to separate during 
the dormant season. Earlier work on this question [Smith & Robertson, 1933] 
had shown that the p-cresol-tyrosinase reaction proved to be a valuable means of 
identification, but there has been some change in the popularity of the varieties 
grown in recent years and the indophenol test seemed to offer a useful alternative 


or supplement. 


Table Il. Amount of indicator reduced by tubers of different varieties 
Healthy Virus disease 
a 
Locality aaa 1 2 3 
ml. indicator reduced 





Variety . 
. Eclipse 0-72 0-78 
Majestic 0-58 0-51 
Arran Pilot 0-39 0-72 
. Sharpe’s Express 1-62 1-38 
Kerr’s Pink 1-59 1-38 
. Redskin 0-84 _— 


1 
2. 
3. 
4 
6 


Although there is some evidence to show that the amount of ascorbic acid 
extracted from potato tubers is increased on boiling [McHenry & Graham, 1935] 
there are also observations to the contrary [Richardson et al. 1929] and it was 
felt desirable to reduce possible complications by using a solvent other than water 
and in the cold. Amongst the extracting agents tried were methyl and ethyl 
alcohols, acetone, and dilute hydrochloric, glacial acetic and 2 % trichloroacetic 
acids. The alcohols were relatively poor solvents but acetone proved to be 
excellent for qualitative purposes, the extracts giving well-defined differences 
with the indicator. The end-point in titration was too indefinite, however, for 
quantitative purposes and attention was directed to the best method of acid 
extraction. The three acids mentioned above gave essentially the same results 
but, in view of the widespread use of trichloroacetic acid in the extraction of 
reducing substances from both plant and animal tissues and the essential 
specificity of the reaction with indophenol for ascorbic acid at pH 2-3, it was 
decided to carry out further work with this acid. On titrating an extract of 
potato tuber with the indicator, the colour is at first discharged but a faint pink 
colour persists at the end-point; the decolorizing effect of the trichloroacetic acid 
is negligible if the titration is carried out expeditiously. 


Extraction with trichloroacetic acid 


Three cores, taken from each tuber as previously described, were weighed and 
ground up with sand and 20 ml. of the acid, and the filtrate was made up to a 
definite volume. The residue was extracted a second and third time and the 
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results in Table III show that at least two extractions were necessary to obtain 
a maximum figure for “ascorbic acid”. This procedure, applied to three tubers 
of each of twelve varieties from two sources, gave the average results contained 
in Table IV, from which it is obvious that, taking differences greater than three 
times the standard error as significant, many important separations can be 
effected. For example, there is no difficulty in separating Redskin from Kerr’s 
Pink or Majestic from Eclipse or Arran Pilot from Sharpe’s Express to mention 
only a few cases in which varieties are liable to be confused during the dormant 
season. 












Table II. Extraction of ‘‘ascorbic acid” from Arran Banner (3-4 months 
after harvest) 







No. of mg. “ascorbic acid’’/ 
extractions 100 g. tuber 
1 6-42 +0-18 
2 8-39 +0-16 
3 8-38 40-16 






Table IV. “Ascorbic acid” content of different varieties (after 3-4 months’ 






storage) 
“* Ascorbic acid” ** Ascorbic acid”’ 
Variety mg./100 g. Variety mg./100 g. 
1. Redskin 5-91 +0-09 7. Eclipse 7-67 40-23 
2. Doon Star 6-09 +0-13 8. Great Scot 7-71 40-16 
3. Arran Pilot 6-59 +0-11 9. Arran Banner 7-86 +0-17 
4. Majestic 6-85 +0-12 10. Sharpe’s Express 8-15+0-19 
5. Dunbar Cavalier 7-21 +0-20 1l. Kerr’s Pink 8-21 +0-18 
6. Gladstone 7-58 +0-12 12. King Edward 8-44+0-28 












Dehydroascorbic acid. There is evidence that in many plants a considerable 
proportion of the ascorbic acid may be in a reversibly oxidized state and that a 
reliable estimate of its amount can be obtained only after a suitable reduction 
of the tissue extract. To effect this, the extract is treated for 15 min. with 
hydrogen sulphide and allowed to stand overnight and the excess sulphide 
driven off by passing nitrogen through the solution before titration. A further 
precaution, commonly adopted to get rid of interfering reducing substances, is to 
treat the extract with a 20% solution of mercuric acetate and filter, before the 
subsequent sulphide treatment [Van Eekelen & Emmerie, 1936]. These steps 
were carried out with two tubers of each of three varieties, soon after the plants 
had reached maturity, and the results are given in Table V. There is a tendency 
for the double extraction alone to give the higher results but it is doubtful if the 
differences between the figures for each variety can be regarded as significant. 
It would appear, therefore, that, when the tuber is examined immediately after 
harvest, the result obtained by the indophenol titration of the trichloroacetic 
acid extract is a measure of the ascorbic acid in the tuber. That this may not be 
the case after the tubers have been stored for some time is suggested by a com- 
parison of the figures in Table V with those in Table IV obtained after 3-4 months’ 
storage. But the principal object of this investigation was to find a suitable rapid 





















Table V. Ascorbic acid (mg./100 g. tuber) obtained by different treatments 







Variety a Eclipse Arran Pilot | Sharpe’s Express 
Double extraction 22-0 16-7 24-6 
H.S treatment 19-8 158 22-8 





Mercuric acetate 19-4 16-3 23-2 
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means of identifying variety or separating healthy from diseased tubers, for 
which purpose even a simple double extraction was too laborious. 

Modified method for routine purposes. In order to reduce the time required for 
a comprehensive examination of various samples, the cores were simply shaken 
for 1 min. with 2 ml. of 2% trichloroacetic acid and the mixture titrated with 
indicator. The results obtained by this method were much smaller but the 
differences between varieties were still quite significant (see Table VII) and 
important differences were always obtained between healthy and diseased stock. 


Factors concerned in concentration of “ascorbic acid” 


It was possible that several factors might affect the results obtained as above 
and the following points were investigated : 

(1) Tuber weight. Twelve tubers of each of four varieties, varying in weight 
from 40 to 400 g., were examined, but the variation within any variety was no 
greater than that usually found between individual tubers of approximately the 
same size. 

The standard error of the means actually lay between 3 and 7 % so that the 
results were obviously not affected by tuber weight. 

(2) Environment. Under this head may be considered climate and soil 
conditions. The former may be regarded as constant for the centres in which 
the crops were grown; the latter may be regarded as determined by the physical 
and chemical properties of the soils in question and the management. In the 
maturity investigation, described below, the soils at the four centres varied 
considerably and might be described as a sandy loam, a medium loam, a heavy 
loam and a garden soil, and the average pH values varied from about 5-0 to 
7-0. In spite of these differences, the indophenol values did not differ by more 
than experimental error. Furthermore, the results for healthy tubers given in 
Table VII are the average figures for two tubers from each of five sources and the 
extent of the variations would appear to rule out environment as a factor of any 
importance. 

The question of manuring was also examined. In 1936, plots of variety 
Golden Wonder were manured at rates varying from half to four times the 
normal, but the tubers from the different plots all gave results which did not 
differ from these for the unmanured crop by more than experimental error. 
Tubers of variety Great Scot were also grown in pots, the pH of the soil being 
adjusted to the levels 5-4, 5-9, 6-4, with and without addition of a normal dressing 
of fertilizers, but the results showed no significant differences. Similarly in 1937, 
plots of the variety Eclipse were given a basal dressing of nitrogen and phos- 
phorus and increasing amounts of potassium up to four times the normal, but 
again the results for the tubers from the different plots did not differ beyond 
experimental error. The same experiment carried out in pots yielded almost 
identical figures. It appears, therefore, that the amount of reducing material in 
the tuber is unaffected by soil type or ordinary manurial treatment. Ott [1937] 
found small differences as a result of various manurial treatments. 

(3) Maturity and storage. This factor, which would be of considerable 
importance in the use of the test for deciding variety or differentiating healthy 
and diseased stock, was studied by marking two plants of each of seventeen 
varieties of healthy stock in each of four centres in the neighbourhood of Edin- 
burgh at the early stages of growth, and taking two tubers from each plant for 
examination at intervals of about a month before normal harvesting. Further 
random samples were taken at the time of harvest and stored for examination 
after 1 month. Four varieties were further examined at intervals of 8 weeks after 
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storage (a) in a store at 3-7° and (b) in the laboratory at 12-5-18-5°. Samples of 
these varieties were also stored exposed to daylight in a manner commonly 
adopted on the farm to induce greening for seed purposes and examined after 
about 4 months when fully ‘“‘greened”’. 

It was not possible to examine tubers of size less than about 1} in. long, in 
other words, before the beginning of August, and the results showed that usually 
a maximum value was then obtained. At the beginning of September, and again 
a month later, the value was considerably smaller. It was also noticeable that 
the variation within variety decreased considerably as maturity was reached. 
During cold storage, the value remained fairly constant until December and 
then decreased, sharply at first and then more gradually. Under the conditions 
of laboratory storage, the rapid decrease in the value occurred earlier. A selec- 
tion of these results for four varieties is given in Fig. 1 and illustrates the above 
observations; the four points marked “G” indicate the average results obtained 
with tubers which had been allowed to become green by exposure to light 
during storage and show that the values are not significantly affected by this 
treatment. The above results, which confirm the observations of Pett [1936] 
and Olliver [1936], reveal the importance of time and temperature of storage in 
the comparison of tubers by this modified procedure of estimating ascorbic acid. 


ml. indophenol reduced 
nN 





Harvest 


0 
Aug.4. Sept.4. Oct.4 1 2 3 4 5 6 7 8 








Fig. 1. Date and time of storage in months. Cold store. Laboratory. 
x Eclipse. e Majestic. o King Edward. o Dunbar Cavalier. 


(4) Sprouting. The decrease in the results during storage may be due either 
to the oxidation of the ascorbic acid or to its movement to the sprout from the 
parent tuber, and the distribution of reducing substance between tuber and 
sprout was investigated. For this purpose, a large number of tubers of three 
varieties was placed in shallow trays at the beginning of April and covered with 
sand, which was kept moist. Samples of four tubers of each variety were examined 
at weekly intervals, and, when they were large enough, the sprouts were cut into 
small pieces and composite samples taken for extraction. 

The average results, plotted in Fig. 2, show that there is a slight increase in 
the concentration of ascorbic acid in the tuber at time of sprouting and then a 
decrease, and that the sprouts are at first relatively rich in ascorbic acid. At the 
7th and 8th times of sampling, the tubers and sprouts were weighed before 
examination so that the total quantities of ascorbic acid present might be 
estimated. By calculating the results to a basis of 100 g. tuber (Table VI) it may 
be seen that there is actually a net loss of ascorbic acid from tuber and sprout 
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amounting to about 0-2 mg. between the 7th and 8th weeks. (The figures for 
Arran Banner may be abnormal in that the relative weight of sprouts was smaller 
in the 8th than in the 7th week of sampling.) It would seem, therefore, that the 
increase in ascorbic acid in the sprouts is readily accounted for by the decrease in 


mg. ascorbic acid per 100 g. 





Time in weeks 


Fig. 2. —-—— Sprouts. Tubers. 
x Eclipse. o Arran Banner. e Majestic. 





the parent tuber at an advanced stage in sprouting. The observations are 
inadequate, however, to account for the apparent increase in the amount of 
ascorbic acid in tuber and sprout at the commencement of sprouting. Pett [1936] 
found a very large increase in the concentration of vitamin in the tuber when 
sprouting started, followed by a rapid decrease, all in the space of about a 
fortnight, but the period of storage before experiment was probably much shorter 
than was the case here. 


Table VI. Ascorbic acid in tuber and sprout 


Variety woe Eclipse Arran Banner Majestic 





a \ c C Y 
Tubers Sprouts Tubers Sprouts Tubers Sprouts 


7th week (wt. in g.) 326 70 376 52 330 67 
mg. ascorbic acid 17-8 2-6 14-2 2-9 11-0 2-4 
mg. ascorbic acid/100 g. tuber 5-46 0-80 3-78 0-77 3-33 0-73 
8th week (wt. in g.) 396 95 347 36 378 95 
mg. ascorbic acid 20-6 4-4 12-5 2-1 10-5 3-7 
mg. ascorbic acid/100 g. tuber 5-20 1-11 3-60 0-61 2-78 0-98 
Gain -0-:26 +0-31 -0:18 -0-16 -0-55 +0-25 
Net gain +0-05 — 0-34 — 0-30 


(5) Disease. The effect of disease on the test was studied by examining 
samples of six tubers certified as affected with different diseases after 1 month’s 
storage. With only one or two exceptions, tubers infected with mild and severe 
mosaic gave the same results within experimental error, and a mean figure has 
been given for mosaic. The number of cases of leaf roll was more limited but the 
results do not differ much from those under mosaic. In both cases the amount of 
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reducing material is significantly greater (with one exception) than in the healthy 
tuber after the same storage period—an observation of great value as offering a 
simple means of testing the presence of virus disease in tubers. It is of interest, 
although of no apparent practical importance, to find that tubers infected with 
blight (Phytophthora infestans) contain less reducing substance than healthy 
tubers. The results are collected together in Table VII, those for healthy tubers 
being the means for ten tubers after 1 month’s storage. 


Table VII. Amount of indophenol (ml.) reduced by healthy and diseased 


tubers 
Variety Healthy Mosaic Leaf roll Blight 

Arran Pilot (1)* 1-48 +0-08 2-10 40-05 > 1-09 +0-02 
Majestic (2) 1-54 40-06 2-37 +0-09 2-15 +0-08 1-36 +0-05 
Doon Star 1-66 +0-10 — 2-15 +0-08 1-39 40-04 
Ninetyfold 1-79 40-05 — 2-42 1-32 

Great Scot (3) 1-88 +0-06 2-30 +0-10 2-29 +0-05 1-47 +0-04 
Dunbar Cavalier (4) 1-95 +0-04 2-33 40-11 2-24+0-10 1-44 +0-04 
Immune Ashleaf (1) 1-95 +0-14 2-55 +0-15 2-53 +0-10 — 
Redskin (5) 1-96 40-12 2-63 40-14 _ 1-33 40-03 
King George 1-99 +0-04 — — i 
British Queen 2-17 +0-04 _ = 1-17 

Arran Banner (3) 2-22 +0-07 3-47 +0-11 2-87 +0-05 1-66 40-03 
Kerr’s Pink (5) 2-33 +0-07 — _— 1-63 +0-05 
Gladstone (4) 2-43 40-05 3-40 40-14 3-06 +0-09 1-99 +0-05 
Eclipse (2) P 2-45 +0-07 3-41 +0-09 —- 2-03 +0-08 
Sharpe’s Express (1) 2-66 +0-07 3-33 40-10 — 1-64 40-08 
Duke of York 2-66 40-03 2-85 +0-15 —_ ae 
King Edward (4) 2-73 +0-08 3-20 +0-14 — 1-71 +0-06 


* Varieties liable to be confused carry the same numbers. 


(6) Season. The only rigid comparison for seasonal effect is for the variety 
Eclipse at time of lifting in 1936 and again in 1937. In each case the reducing 
power of three cores was equivalent to 3-1+0-2 ml. indophenol. The variation 
during storage after harvest excluded comparison of the figures available for 
other varieties, but the relative amounts of reducing substance were essentially 
the same for a series of twelve varieties collected in 1935 and in 1936, so that the 
same varietal differences were found in each season. Varieties, whose tubers are 
often difficult to distinguish, are appropriately marked in Table VII and, in 
addition to those previously mentioned, include Great Scot and Arran Banner, 
Dunbar Cavalier, Gladstone and King Edward, Immune Ashleaf and Sharpe’s 
Express. 

Discussion 


The most significant feature of the above results is that the ascorbic acid 
content of potato tubers is extremely variable. The variation seems to be inde- 
pendent of size and weight of tuber, soil properties and possibly season, and to 
be due mainly to variety, health and storage conditions, particularly the duration 
of storage. It is possible that the arbitrary rapid routine method adopted, of 
extracting three cores of tuber tissue for a short period with trichloroacetic acid 
and titrating the mixture with the indophenol indicator, does not give a constant 
fraction of the total ascorbic acid present because there are differences in the 
texture of the tissues of different varieties. There are, unfortunately, no data 
available for the total ascorbic acid and the simple extract reducing value of 
material after the same storage periods; nor are there figures to show whether the 
decreases in total ascorbic acid and reducing value run parallel during storage. 
Although it would seem, from the results in Table V, that the ascorbic acid is 
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present entirely in the reduced form in mature tubers freshly harvested, it is 
possible that, after a period of storage (Tables III and IV) or during sprouting 
(Table V1), part of the ascorbic acid is in the reversibly oxidized form and is not 
determined by double extraction without reduction. Certain discrepancies in the 
order of results for different varieties (Tables IV and VII) suggest that the total 
and single extraction methods are not strictly comparable, but nevertheless 
several varietal differences are quite significant by each method, and the rapid 
routine method provides a most useful means of discriminating variety under 
similar storage conditions. Of possibly greater importance is the value of the 
test in separating healthy from diseased stock, again under similar storage con- 
ditions. The test would, therefore, seem to afford useful assistance to growers in 
the selection of stock seed for the next season’s crop. It is also of interest to 
observe that there appears to be a general correlation between the susceptibility 
of a variety to virus disease and its content of ascorbic acid. In this respect, the 
results in Table IV are very suggestive, varieties 1-5 being susceptible and 6-12 
resistant to infection. In Table VII, however, the varieties Great Scot and Duke 
of York are out of order. McIntosh [1935] has drawn attention to the possibility 
of measuring resistance to virus disease by chemical means and emphasized the 
great importance of such a test in controlling the disease. It is possible that an 
extension of the present investigation might help to achieve this purpose. 


SUMMARY 


A large number of healthy and diseased potato tubers from the 1935, 1936 
and 1937 crops have been examined for ascorbic acid by the usual method of 
extraction with trichloroacetic acid and titration with 2:6-dichlorophenol- 
indophenol and by a modification suitable for rapid routine purposes. Both 
methods reveal that considerable variations exist in the reducing material present 
in tubers and that the important factors involved are variety, freedom of the 
stock from virus disease and duration of storage. The measurement in fact 
provides a means of identifying variety in healthy tubers and the presence of 
disease in any one variety. Such factors as tuber size, season and environment, 
including soil conditions and manuring, do not seem to influence the results. 
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THE manometric method of Dixon & Keilin [1933], when used for the measure- 
ment of the metabolism of tissue slices in serum, gives directly the respiratory O, 
and CO,, but in order to obtain the glycolysis as well a correction for the 
“retention”’ by the serum must be applied. To evaluate the correction the 
retention curve of the serum must be determined, and a method of doing this has 
recently been worked out by Dixon [1937]. ‘This method requires three mano- 
meters of the Dixon-Keilin type, and it gives five points on the curve. 

For all practical purposes, however, it may be considered that the retention 
curve (which is almost a straight line) would be determined with sufficient 
accuracy by only three points at suitably spaced pH values, since it is merely 
used to determine the magnitude of a correction. In this case a considerable 
simplification in the determination of the retention curve becomes possible, in 
fact it is readily carried out in a single manometer and requires only 4 ml. of 
serum. 

This simplification makes it possible to obtain more physiological conditions 
than hitherto. Owing to the greater complexity of the former method a stock of 
serum sufficient for a number of experiments had to be prepared, so that one 
retention curve would serve for the whole series of experiments. Using the 
present method it becomes practicable to determine the retention on a small 
amount of serum simultaneously with the actual experiments. It therefore 
becomes possible in many cases to study the metabolism of the tissue slices 
suspended in the animal’s own fresh serum, instead of in the inactivated serum 
of another species. The serum, which need not then be inactivated, may be 
prepared while the tissue slices are being cut. The animal must of course be of 
such a species that the serum does not gel immediately on acidification at 38° 
[see Dixon, 1937]. Rabbit, rat, chicken, guinea-pig and sheep are satisfactory 
in this respect; horse, pig and ox cannot be used. The serum must be obtainable 
in sufficient amount (4 ml. for the retention curve and 4 ml. for each complete 
determination of tissue respiration and glycolysis). The amount obtainable from 
one rat is insufficient, but two moderately large rats will yield a sufficient 
quantity. If necessary the amount of serum used in the manometers may be 
reduced. 

PROCEDURE 


On referring to protocol I of the paper of Dixon it will be seen that mano- 
meters | and 2 each give two points on the curve, each point giving the conditions 
after adding a certain amount of tartaric acid. Manometer 3 gives the initial 
point, representing the conditions before adding any acid, and also supplies data 
for the calculation of the other points. Now if three points only are required, 
manometer 1 can obviously be dispensed with. Moreover, the functions of 
manometers 2 and 3 can be combined in a single manometer as follows: 
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Serum is placed in both flasks, together with hanging Keilin tubes containing 
suitably chosen amounts of tartaric acid solution (dried), arranged as described 
by Dixon. In addition, the left-hand side bulb contains excess of HCl and the 
right-hand bottom tap contains KOH. After filling with gas mixture the Keilin 
tube on the left-hand side is dislodged, the resulting reading corresponding with 
one of the two readings of manometer 2 of Dixon’s protocol. The HCl is now 
added from the side bulb, liberating the CO, from the remainder of the bicar- 
bonate. As excess of acid is now present all the bicarbonate is decomposed and 
the previous addition of the tartaric acid does not affect the final reading. Thus 
the manometric displacement, reckoned from the original zero, gives the initial 
total bicarbonate, corresponding with the first reading of manometer 3. The 
Keilin tube on the right-hand side is now dislodged, the resulting displacement 
corresponding with the second reading of manometer 2. Finally the alkali is 
introduced on the right-hand side and absorbs all the CO,. As the CO, which 
has been liberated by the tartaric acid in this flask is once more absorbed it does 
not affect the final reading, and the manometric displacement, reckoned as usual 
from the reading after the addition of the HCl, gives (when multiplied by the 
correction factor C) the initial CO, tension. The calculation from the various 
quantities thus determined then proceeds exactly as before. 

The whole procedure and method of calculation will become clear when the 
protocol I of the paper of Dixon is compared with the protocol given below. In 
order to avoid confusion the symbol h is here used only for the displacements 
produced by the tartaric acid, those produced by the HCl and KOH (which give 
the initial conditions and correspond with the former manometer 3) being here 
called h,. For reasons of space the initial values of the various quantities, which 
are calculated from these latter readings, have been placed centrally in the lower 
part of the table, as they apply to both flasks. The initial bicarbonate (1180 pl.) 
is first obtained from h, on the left-hand side, and the other values of B are then 
obtained by subtracting the amounts which have been decomposed (2¢Q9,). 
Similarly the initial CO, pressure (110 mm.) is obtained from the right-hand ho: 
and the other Pco, Values obtained by adding the readings h multiplied by C. 
The pH values are “then calculated in the usual way. 

The four manometric operations need not necessarily be carried out in the 
order given here, which was merely chosen as giving the clearest explanation of 
the principles of the method. At the end of the experiment the manometer 
reading approaches the ends of the scale, but it will not exceed it unless the 
barometer is unusually high or the bicarbonate content of the serum is above the 
average. The protocol gives an extreme case. If it is felt that there is any 
danger of the fluid going beyond the scale the left-hand tap may be opened for 
a moment after the readings relating to the left-hand flask have been completed, 
so as to level the manometer approximately. After waiting for a few minutes 
the new zero is read and the subsequent readings are reckoned from this zero. 

The retention curve given by this protocol will be found to lie somewhat more 
to the right than that given in Dixon’s paper, owing to the higher bicarbonate 
content, but the two curves are parallel, showing that the retention for a given 
change of pH is the same. 


SUMMARY 


The method of Dixon for determining the retention curve of serum has been 
simplified so that the whole determination is carried out in a single manometer 
on 4 ml. of serum. This makes it possible in many cases to carry out measure- 
ments on tissue slices suspended in serum from the same animal. 
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PROTOCOL 


Determination of retention curve of sheep serum 


Manometer 

keos 

C 

Side 

In flask: 2 ml. of 

In side bulb: 0-3 ml. of 

In bottom tap 

In hanging tube: g. of V/10 
tartaric acid solution (dried) 


7 
14-20 
0-97 
po 
Left 
Serum 
3N HCl 
0-1025 


Readings (mm.) 


Serum 
Water 
20% KOH 
0-2599 


Diff. (mm.) 


Time (min.) — ~ 
0 101-8 102-1 —- 03 
0 Tube in 
20 95-2 108-7 — 13-5 
20 HCl in 
40 60-1 143-5 — 83-4 
40 Tube in : 
60 76-0 128-0 — 52:0 j 
60 KOH in i 
120 4-1 200-5 — 196-4 
= 13-2 31-4 
Xco, = 187 446 | 
Xp = 228 577 i 
z= 41 0 131 | 
= 83-1 113-0 i 
B= 993 1180 734 
Poo. = 122 110 140 | 
“8.CO,” = 49-8 44-9 57-1 
pH= 7-400 7-525 7-209 


One of us (B. B.) wishes especially to express his gratitude to Sir F. G. 
Hopkins for his kindness in extending to him the hospitality of his Department. 
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DuRtnG the last two decades numerous investigators have attempted to isolate 
specific antigens from bacteria but in no instance have they been able to obtain 
such substances in a chemically pure form and in an immunologically active 
condition. Nevertheless the results of these researches, which were initiated 
by Dochez & Avery [1917], were of the greatest importance because later studies, 
which developed as a direct result of this work, have formed the basis for our 
present knowledge of antigenic structure. In continuation of the early obser- 
vations of Perlzweig & Steffen [1923] and of Perlzweig & Keefer [1925], several 
workers, notably Schiemann & Casper [1927], Schiemann ef al. [1931], Day 
[1928; 1930; 1933], Wadsworth & Brown [1931; 1933], Felton [1932] and Harley 
[1934; 1935], have described methods of isolating bacterial antigens which, 
according to some of these workers, were most probably polysaccharide in 
nature. The chemical evidence produced was, however, not strong enough to 
establish with certainty that the antigens obtained were protein-free. Indeed it 
was not until quite recently that Avery & Goebel [1933], Pappenheimer & Enders 
[1933] and Enders & Wu [1934] brought forward indisputable evidence that 
an acetylated polysaccharide which they had isolated from Pneuwmococcus 
(Type I) possessed antigenic properties. Thus mice inoculated intraperitoneally 
with very small quantities of the substance showed a type-specific immunity to 
subsequent infection with the virulent organism. These experiments revealed 
several points of difference between the antigenic properties of the acetylated 
polysaccharide and those of the intact virulent coccus. For example, it was not 
found possible to produce a type-specific agglutinin, precipitin or protective 
antibody when the rabbit was immunized with the acetyl-polysaccharide where- 
as these immune bodies are readily produced in this animal by a suspension of 
the organism. It seemed clear therefore that the complete type-specific antigen 
still remained to be isolated and that although the acetylated polysaccharide 
was an important constituent of the antigenic complex it did not possess the 
full antigenicity of the naturally occurring antigen. Similar results have been 
described by Topley [1937] for the polysaccharide component of the antigen of 
B. aertrycke. 

Recently two independent researches have been published which demon- 
strate beyond question the non-protein nature of certain bacterial antigens. 
Boivin and his co-workers [Boivin & Mesrobeanu, 1933; Boivin et al. 1935; 
Mesrobeanu, 1936] have isolated the specific antigen from several species of 
bacteria by extracting them for a short time with ice-cold trichloroacetic acid 
(pH 1-0-2-0). Raistrick & Topley [1934] and Topley e¢ al. [1937] have also 

( 2003 ) 











2004 W. T. J. MORGAN 


obtained bacterial antigens by a modification of the method originally used by 
Douglas & Fleming [1921] of digesting the acetone-killed organisms with trypsin 
at pH 8-5 for 5 days at 37°. So far as is known, neither of these methods of 
isolation alters in any way the immunological properties of the particular 
antigens that have been examined, but instances are already known where 
antigenic components have been damaged by treatment with a too strong acid 
or alkali and it seems improbable, therefore, that the immunological properties 
of certain labile antigens will remain unmodified when they are exposed for any 
appreciable length of time to degrees of acidity or alkalinity which are far 
removed from neutrality. 

The risk of altering the chemical or immunological properties of the antigenic 
complex by too drastic chemical manipulation was considered and a method 
for isolating antigens which depends on the solubility of the complexes at a 
neutral reaction and at normal or low temperatures in simple organic solvents 
has been evolved. The technique together with some observations on the 
chemical and immunological properties of the antigenic complex of B. dysen- 
teriae (Shiga) are given in this communication. 


EXPERIMENTAL 


The extraction method for isolating the antigenic constituent of B. dysen- 
teriae (Shiga) originated from an observation that the specific polysaccharide 
of this organism showed a definite solubility in glycerol, ethyleneglycol, diethy- 
leneglycol, propyleneglycol, 2:3-butyleneglycol, ethylenechlorohydrin and tri- 
methyleneglycol. Further experiments showed that other specific and also non- 
specific polysaccharides were soluble in these organic solvents. Indeed the 
solubility of the specific polysaccharide of B. dysenteriae (Shiga) in ethylene- 
glycol and its subsequent fractional precipitation from solution with alcohol 
was used as early as 1933 to determine its homogeneity. Somewhat later the 
solubility of a number of dry protein preparations in these organic solvents was 
also examined; they were found to be relatively insoluble. Table I gives the 
results of experiments in which the solubilities, under similar conditions, of a 
number of polysaccharides and proteins in the various organic solvents were 
roughly determined. No attempt has been made to ascertain the exact solu- 
bilities of these substances and the results are merely expressed as (1) completely 
soluble (C), (2) partly soluble (S), and (3) insoluble (O). It will be seen that 
complete solubility represents a concentration of approximately 1 % and it is at 
once apparent that there is a sharp difference in the solubilities of these two classes 
of substance. The solubilities of some of the polysaccharides were also determined 
for the solvents, monoacetin, diacetin, the monomethy] ether of ethyleneglycol 
and ethyleneglycol monoacetate, but most of them were found to be insoluble or 
of such low solubility as to render the method of no practical importance. 

In the light of previous work, which had shown that the specific poly- 
saccharide component of numerous pathogenic micro-organisms accounted 
almost completely for the serological specificity of the organism and was there- 
fore presumably an important and major constituent of the complete bacterial 
antigen, the solubilities of the bacterial polysaccharides in ethyleneglycol, 
diethyleneglycol, trimethyleneglycol and the other solvents suggested that the 
antigens might also be soluble to some extent in one or other of these compounds; 
some simple experiments showed the correctness of this assumption. A pre- 
liminary account of the isolation of the antigen of B. dysenteriae (Shiga) by this 
method has already been given [Morgan, 1937]. 
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Table I. Showing the solubilities of some polysaccharide and protein substances 
in various organic solvents 


Solvent (5-0 ml.) Ries 
methyl 
ether of 

Substances Ethylene- Diethylene- Trimethy- ethylene- 
50 mg. glycol glycol Glycerol leneglycol glycol 
Polysaccharides: 
Glycogen Cc S 8 O O 
Inulin Cc Cc Cc C O 
Mannan Cc S ? — O 
Gum arabic Cc 0 O — 0 
Yeast gum Cc 8 Cc _ *— 
Galacto-carolose* Ss 8 Cc — — 
Manno-carolose* Cc 8 C — 
Chondrosine Cc Cc C C Cc 
Bacterial polysaccharides from: 
B. dysenteriae (Shiga) C C Cc Cc Oo 
Pneumococcus (Type I) Ss oO Trace -- O 
Pneumococcus (Type II) Cc 8 8 _ O 
Meningococcus (Types I-III) 8 8 Cc —_ _ 
B. proteus (O. X 19) 8 8 8 8 O 
B. suipestifer Cc 8 8 8 —_ 
Protein: 
Horse serum protein O O 0 oO 
Edestin O O O O oO 
Egg albumin oO O O O 
Casein S O oO O O 


C, completely soluble; S, partly soluble; O, insoluble. 
* The author is indebted to Prof. H. Raistrick for samples of these substances. 


The extraction of a specific antigenic substance from the “smooth” 
form of B. dysenteriae (Shiga) 

The bacteria (strain K 624) were grown for 18 hr. at 37° on nutrient agar in 
covered metal dishes measuring 15 x 11 in. The growth was scraped off and re- 
suspended in a small volume of ice-cold saline. The bacteria were immediately 
washed once with saline, three times with cold acetone and rapidly dried in vacuo. 
A typical extraction experiment was carried out as follows. The dry bacteria 
were weighed (50 g.) into a litre bottle and 500 ml. of diethyleneglycol at 37° 
were added with vigorous shaking. A sample (0-5 ml.) of the suspension was 
removed, diluted with 4-5 ml. of water and the pH determined; this should be 
between 6-5 and 7-0. After standing for 2 hr. at 37° the suspension was me- 
chanically shaken for an hour and then allowed to remain at 0° or at 15—18° for 
24 hr. During this period the suspension was frequently shaken by hand and 
finally given an hour’s vigorous mechanical shaking and kept for a further period 
of 24 hr. At the end of this time the bacterial suspension was centrifuged for 
} hr. at 35,000 r.p.m. in a closed bowel of a Sharples supercentrituge. The clear, 
slightly opalescent supernatant fluid was finally clarified from any residual 
bacteria by filtration through a British Berkefeld filter candle. A faintly 
opalescent solution of the antigen in the organic solvent was thus obtained. The 
antigenic material was obtained in aqueous solution by dialysis at 0°; the 
organic solvent rapidly diffused through the cellophane membrane, which was 
found to be completely impermeable to the bacterial substance. During the 
dialysing process the antigenic substance passes from a state of true solution in 
the organic solvent to one of colloidal suspension in water and the final pre- 
paration after dialysis is strongly opalescent and shows, on agitation, a shimmer 
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characteristic of rapidly growing bacterial suspensions or suspensions of certain 
crystalline protein preparations. Colloidal solutions of the antigen prepared in 
this manner gave no deposit when centrifuged at 4000 r.p.m. in an angle centri- 
fuge. An aqueous solution of the antigenic material could be obtained at any 
desired concentration by evaporation in vacuo at low temperatures, and rapid 
evaporation from the frozen state has been found to produce a fine, white 
sponge-like mass which will again readily pass into colloidal solution on the 
addition of water or saline. Solutions of the antigenic material are stored at 0° 
in the presence of toluene. 

The first treatment of the bacteria with the organic solvent does not remove 
the whole of the bacterial antigen from the micro-organisms and it is considered 
advisable to perform at least two further extractions in order to obtain a reason- 
able yield. The exact conditions for the isolation of the antigen, and the most 
suitable solvents to employ, must be determined for each kind of micro-organism 
investigated. 

A further purification of the antigenic substance has been carried out by 
the fractional precipitation of the aqueous solution of the active material by 
acetone or alcohol. A 0-5-1 % solution of the antigen does not precipitate until 
the concentration of acetone reaches at least 50° by volume and precipitation 
of the greater part of the antigen is complete when the acetone concentration 
reaches 66%. The fractionation process should be carried out at 0° and the 
precipitated antigen re-suspended in water at this temperature and finally the 
antigenic preparation obtained free from traces of acetone by dialysis against 
ice-cold distilled water. The further addition of acetone to the 66% acetone 
supernatant fluid up to 75% by volume produces a small precipitate which on 
re-solution in water gives rise to a clear colourless solution which in no way 
resembles the thick milky opalescence which is characteristic of the first acetone 
fraction (50-66%) when it is re-dispersed in water. The final fraction, which is 
soluble in 75% acetone, can be obtained in the form of an opalescent solution if 
it is concentrated to a small volume in vacuo. A 1% solution of the antigenic 
material is not completely precipitated until 4 vol. of ethyl alcohol have been 
added, although cooling to 0° and the addition of a trace of potassium acetate 
will frequently cause a small precipitate to separate with the addition of 3 vol. 
of alcohol. 

The large number of animals required to obtain even an approximate idea 
of the relative antigenic powers of the various fractions has precluded extensive 
immunological tests. However, the experimental results that have been obtained 
indicate clearly that the first acetone precipitate (50-66%) and the main alcohol 
precipitate (75-80% by volume) contain the greater part of the antigenic 
material. Other methods of separation that involve the fractional precipitation 
of the antigenic material from its solution in organic solvents are being examined 
and attempts are being made to effect the removal of non-specific material by a 
process which utilizes adsorption and elution of the active substance. 

An examination of the corresponding “rough” variant (strain K 624) of 
B. dysenteriae (Shiga) has been made and in two experiments 30-5 and 23 g. of 
the dry organisms were extracted with ethyleneglycol and diethyleneglycol 
respectively. The total amount of soluble material was in each case less than 1% 
of the weight of the dry bacillary mass and the final preparations, after removing 
a heavy gelatinous precipitate that formed during dialysis, were found to give 
aqueous solutions that were almost entirely free from opalescence and were 
practically non-antigenic. The portion of the extracted material that was 
soluble in water contained only 1-4°% nitrogen and 0-13 % of phosphorus. 
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The chemical properties of the antigenic material 


The most active preparations even in a concentration as low as 0-1 % yield 
opalescent solutions in water or saline. For this reason it is somewhat difficult to 
ascertain whether a slight precipitate is produced or not on the addition of a 
chemical reagent in qualitative tests. The reagents were added to a solution of 
the antigen preparation and after the mixtures had stood overnight at 0° they 
were centrifuged at low speed and the formation of a precipitate recorded. In 
this way the following results were obtained. The addition of a solution of lead 
acetate, copper sulphate, mercuric acetate, phosphotungstic acid (with and 
without sulphuric acid) or uranium acetate to the active material caused no 
precipitation. Salicylsulphonic acid, trichloroacetic acid and picric acid (Esbach’s 
reagent) tests for protein were negative when applied to a 1-0 % solution of the 
antigenic material. The ninhydrin test was negative but the biuret test was 
positive. A preparation of the antigenic material that had been treated with 
0-5 trichloroacetic acid at 0° for 2 hr., according to the technique described by 
Boivin et al. [1935], reacted in all the qualitative tests here described in a 
similar manner to the antigenic substance extracted by means of diethylene- 
glycol. The two preparations gave positive biuret tests of approximately equal 
intensity and colour when 20 mg. of the material were employed in a volume 
of 2ml. The naphthoresorcinol test for glucuronic acid, the orcinol and phloro- 
glucinol tests for pentoses and Selivanoff’s reaction for ketoses were consistently 
negative on all the samples examined. The material gave an immediate yellowish 
red colour when treated with a sodium carbonate solution of diazobenzene- 
sulphonic acid. The iodine test for glycogen was negative. 

After precipitation from aqueous solution at 0° by alcohol or acetone the 
antigenic material is obtained as a white amorphous substance. A typical 
analytical result obtained for the substance after drying at 40° over phosphorus 
pentoxide in vacuo was: C, 45-5; H, 7-6; N, 3-8 and P, 13%, but the figures for 
N and P varied somewhat for different preparations. A preparation after 
treatment with trichloroacetic acid gave the following results: C, 45-4; H, 7-6; 
N, 3-7 and P, 1:3%. None of the phosphorus was in the form of inorganic phos- 
phate. The various preparations usually contained 4-6 %, of non-combustible 
residue. 

The antigenic material (1-43 g.) was hydrolysed by dilute (0-1 NV) acetic acid 
(200 ml.) at 100°. During the hydrolysis the opalescence of the solution dis- 
appeared and a white precipitate was formed but at this stage of the hydrolysis 
the solution was found to possess practically no reducing power as measured by 
the method of Hagedorn and Jensen. A positive Ehrlich reaction for N-acetyl- 
hexosamine was not given by the solution. The heating was continued for } hr. 
after the opalescence had disappeared and the solution was then cooled and left 
for several hours at 0°. The insoluble precipitate was removed, washed three 
times with cold water and the solution together with the washings were con- 
centrated in vacuo to 10-20 ml. The concentrated solution was subsequently 
dialysed to remove salts and poured into several volumes of alcohol at 0°. After 
two precipitations from aqueous solution by alcohol or acetone the material 
that was obtained was identical, in the properties that were examined, with the 
specific polysaccharide that was isolated [Morgan, 1936] by other means from 
the intact “Shiga” dysentery bacillus. The Molisch reaction was given by 
solutions of the substance containing only 1 part in 500,000. The material 
isolated in this manner from the antigen gave a clear solution in water, was 
practically non-reducing, H. and J. 3-2%, and was strongly dextrorotatory, 
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[a]n+98°. It contained 1-8% nitrogen; phosphorus and sulphur were absent. 
The material reacted with anti-bacterial B. dysenteriae (Shiga) immune serum 
at a dilution of 1 : 12,000,000, but gave no visible precipitation at any dilution 
from 1: 1000 to 1: 10,000,000 with an anti-agar immune serum. The poly- 
saccharide weighed 0-68 g. after dialysis and precipitation with alcohol and 
represents 47-5% by weight of the antigen preparation. In another similar 
experiment the polysaccharide component formed 48-5 % of the total antigenic 
complex. Mesrobeanu & Calalb [1936] found a slightly lower percentage for the 
polysaccharide present in the antigenic material they had isolated by means of 
the trichloroacetic acid extraction process. 

The insoluble precipitate that separated during the hydrolysis of the sub- 
stance was collected by centrifuging, dissolved in weak sodium hydroxide, 
diluted to 250 ml. and reprecipitated by the addition of 0-1 N acetic acid; the 
process of solution and precipitation was repeated three times and the material 
was dried in vacuo. The substance weighed 0-386 g. and represented 27% by 
weight of the antigenic complex hydrolysed. Another preparation gave 26% of 
similar material. The substance gave a strong biuret test and ninhydrin reaction 
and the addition of diazobenzenesulphonic acid in sodium carbonate solution 
to an alkaline solution of this substance gave an immediate brick-red coloration. 
The Millon reaction was complicated owing to the precipitation of the substance 
by the acid reagents employed. Nevertheless it appeared to be a positive reaction 
since the precipitated material developed a reddish coloration after afew minutes’ 
heating at 100° with the Millon reagent. Analysis: N, 7-1; P, 15%. Reducing 
power as measured by the Hagedorn and Jensen method 8-5%. 

A portion of the insoluble material (0-200 g.) was thoroughly extracted with 
dry methyl alcohol and the combined alcoholic supernatant fluids were filtered 
and evaporated to dryness in vacuo. A white, waxy solid was obtained which 
weighed 74 mg. and represented approximately 10% of the antigenic complex. 
The whole of the extracted material dissolved in dry ether and, on subsequent 
evaporation and treatment with 50% aqueous methyl alcohol, required 15-4 ml. 
of 0-01 N sodium hydroxide for solution and neutralization to a pink coloration 
with phenolphthalein. 

After removing the methyl alcohol- and ether-soluble material from the 
insoluble acid hydrolysis residue there remained 0-126 g. of a white solid which 
appeared to be insoluble in water but dissolved readily in dilute sodium hy- 
droxide solution. The fraction represented 17% of the antigenic substance; it 
contained 10-2°% N, 1-1% P and possessed a specific rotation, [«])—54°. The 
material gave an intense biuret reaction, but the ninhydrin test was rendered 
doubtful owing to the insolubility of the fraction in water or weakly acid solution 
and the inhibition caused by the alkaline reaction when material dissolved in 
NaOH was employed. The addition of diazobenzenesulphonic acid to an alkaline 
solution of the substance gave rise to an immediate and intense red coloration. 

The specific polysaccharide and the insoluble substance derived from the 
antigenic complex as a result of acid hydrolysis together weighed 1-06 g. and 
represented 74°% of the antigen preparation. This figure indicated that 28% 
of the complex had escaped isolation and subsequently 0-198 g. (14%) of the 
substance was recovered from the distilled water employed for the dialysis of the 
polysaccharide fraction. The diffusate consisted of a mixture of substances and 
contained about 2-0°% N and 2-0% of total P of which about half was present 
as inorganic phosphate. The antigenic material before hydrolysis contained 
phosphorus in organic combination only; therefore, during the hydrolytic 
process a part of the phosphorus had been liberated. This fraction gave negative 
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biuret, ninhydrin and Millon reactions. The addition of diazobenzenesulphonic 
acid in sodium carbonate solution to the diffusate gave an immediate reddish 
yellow coloration. The fraction possessed a reducing power (H. and J.) of 7-3% 
and a specific rotation, +39°, calculated on the total dry weight. 

A detailed study of the hydrolysis products of the antigenic complex will be 
undertaken when larger quantities of the material are available. 


IMMUNITY EXPERIMENTS 


The subcutaneous, intravenous or intraperitoneal injection of living B. 
dysenteriae (Shiga) into the rabbit results in death of the animal from toxaemia 
and the course of the illness can in no way be considered to be comparable with 
a severe dysentery attack in man. Indeed, all attempts to produce an experi- 
mental infection in the rabbit have failed. This generally accepted fact makes it 
impossible to immunize rabbits with the various antigenic preparations and to 
test the degree of the resulting immunity by subsequently infecting the animal 
with the homologous living organism. We have been forced, therefore, throughout 
this work, to measure the immune response by in vitro reactions and to express 
the results in terms of agglutination or precipitation titre or as mg. of antibody 
protein contained in 1 ml. of the immune serum. The quantitative precipitin 
technique as elaborated by Heidelberger e¢ al. [1933] has been employed for this 
purpose. 

The antigenicity of the various preparations and fractions obtained from 
B. dysenteriae (Shiga) was roughly evaluated by giving to groups of rabbits three 
intravenous doses, each of 0-05 mg., at 3-4 day intervals; the animals were bled 
before the immunization and 1 week after the last dose of antigen. The results 
of the preliminary antigenicity tests which were made on all the extracts. 
irrespective of the nature of the solvent or of the length of the extraction period, 
will not be given, because in every case the response was only slightly lower than 
that shown by the first example given in Table IT which illustrates the antigenic 
response from a course of 6 doses of a crude bacterial extract that had been 
obtained by means of ethyleneglycol. It will be seen that the serum of each of 
the three rabbits (Nos. 361, 362 and 363) which had been immunized reached 
an agglutination titre of 1: 1000, 1 : 2000 and 1 : 5000 respectively. The in- 
fluence of the size of the immunizing dose and of the interval between the doses 
has not been considered and it may well be that under optimum conditions the 
ultimate response would have been even greater. Slightly better results, as 
measured by the simple agglutination technique, were obtained when only 
3 doses of a fraction of the antigenic material, which had been precipitated with 
acetone between 50 and 62%, were employed (rabbits Nos. 376, 377 and 378). 
Subsequently a fraction which had been obtained within even narrower limits 
(55 and 62 % acetone) was found to be somewhat more active when it was tested 
in a group of three rabbits (Nos. 385, 386 and 387) and it was therefore retested 
using only 0-005 mg. for each of the immunizing doses. The results (rabbits 
Nos. 388 and 389, Table II) show that an agglutination titre of 1 : 5000 was 
reached in the serum of both animals. Similar immunity experiments which 
employed material that had been fractionated by alcohol gave almost identical 
results; one example is given in Table II (rabbits Nos. 380 and 381). Immuni- 
zation with the whole ethyleneglycol extract from the “‘rough”’ strain of B. 
dysenteriae (Shiga) failed to produce any appreciable immune response. Two 
rabbits, Nos. 383 and 384, that received 6 doses of 0-05 mg. of this preparation 
showed only a trace of agglutination at 1 : 50 and 1 : 100 respectively. Normal 
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rabbit serum seldom shows homologous agglutination at a dilution greater than 
1: 10. 

A quantitative determination of the amount of antibody protein has been 
carried out on a number of the immune rabbit sera and one immune horse 
serum. The following method has been employed. The serum sample, 5 ml. was 
treated with a 1: 10,000 dilution of the specific polysaccharide (N, 1-7%; 
[a]p+98°) of B. dysenteriae (Shiga) until the whole of the antibody was pre- 
cipitated. The precipitate was thoroughly washed with ice-cold saline, dissolved 
in dilute sodium hydroxide and the total nitrogen estimated. Similar experi- 
ments were made using a 1] : 10,000 dilution of the homologous antigen pre- 
paration in place of the specific polysaccharide. Each of the determinations was 
made in duplicate. The results obtained with five different rabbit sera are shown 
in Table III. The rabbits received 6 doses of 0-050 mg. of the antigen intra- 
venously at 3-4 day intervals and were bled 1 week after the last dose of antigen. 


Table III. Showing the amounts of protein nitrogen precipitated from an immune 
serum by (a) the specific polysaccharide and (b) the homologous antigen pre- 





paration 
mg. of protein nitrogen precipitated 
from 1 ml. immune-serum by 
: = e 
(a) 1: 10,000 solution of (6) 1: 10,000 solution of Difference 
Rabbit no. specific polysaccharide the homologous antigen mg. nitrogen 

508 0-131 0-120 —0-011 
509 0-128 0-109 — 0-019 
510 0-054 0-054 0-00 
512 0-105 0-098 — 0-007 
513 0-240 0-260 + 0-020 


It will be observed that in three of the determinations somewhat less antibody 
protein was precipitated by the homologous antigen preparation than by specific 
polysaccharide, whereas in one instance the antigen precipitated more protein 
from the immune serum than was precipitated by the specific polysaccharide. 
These experimental results are difficult to interpret since in each sample duplicate 
estimations of the nitrogen in the protein precipitated agree to within 3%. 
Furthermore, all the precipitation experiments and the subsequent washing 
of the precipitated protein were carried out at one time in a thermostatically 
controlled cold room (0-2°). It was noted, however, that the end-point of pre- 
cipitation in those experiments in which the specific polysaccharide was em- 
ployed was extremely sharp, whereas it was somewhat difficult to determine the 
exact end-point of precipitation when the antigen solution was employed. The 
precipitate produced on the addition of the specific polysaccharide to the 
immune serum rapidly flocculated and settled to the bottom of the tube leaving 
a clear supernatant fluid. The addition of the antigen preparation caused a 
clouding of the serum with subsequent slow formation of rather loose, fine 
flocculi. It is therefore conceivable that the low values for the protein precipi- 
tated by the antigen may be due to the difficulty of determining the exact end- 
point of the antigen-antibody reaction. It may be that the antigen-antibody 
complex has a slight but appreciable solubility in saline at 0° and therefore 
when it is exposed to the same washing technique as is usually applied to poly- 
saccharide-antibody precipitates a portion of the complex dissolves. Further 
quantitative determinations of immune body are being carried out with other 
serum samples in order to ascertain a reason for the low precipitation values 


that have been obtained. 
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Two horses were immunized intravenously with a preparation of the anti- 
genic material which had been obtained by alcohol precipitation between the 
limits 75 and 80%. After 3 doses, each consisting of 2-7 mg. of the material 
dissolved in 20 ml. of saline, serum samples taken 1 week after the last dose 
agglutinated the homologous organism to a dilution of 1: 500 and 1: 100 
respectively. Three further doses given to one of the horses produced a serum 
which agglutinated ‘“‘Shiga” bacilli at a dilution of 1: 5000. A quantitative 
experiment to determine the amount of antibody protein per ml. of the immune 
serum was performed on the serum of one horse. Two 5 ml. samples of the serum 
were separately treated in exactly the same manner as has already been described 
for the immune rabbit sera with (1) a 1:10,000 solution of the homologous 
specific polysaccharide, and (2) a 1 : 10,000 solution of the antigenic material 
until precipitation was complete. The amount of nitrogen per ml. was deter- 
mined and the total protein precipitable by the polysaccharide and the antigenic 
material was calculated. The polysaccharide precipitated 1-47 mg. and the 
antigenic material 1-64 mg. of protein from each ml. of the immune horse 
serum. During the experiments with both rabbit and horse immune-sera it was 
observed that the volume of 1: 10,000 polysaccharide solution required to 
precipitate the antibody present was always about 40% of the volume of 
1: 10,000 antigen solution necessary to accomplish the same process. These 
facts suggest that it is only the polysaccharide portion of the antigenic complex 
that binds the antibody molecule and that this portion of the antigen alone is 
the one that is primarily responsible for the formation of the insoluble antigen- 
antibody complex. 


The production of ‘‘Shiga”’ heterophile antibody 


The examination of the immune sera produced by various fractions of the 
antigen preparation revealed the presence of “Shiga” heterophile immune body 
in nearly all of the specimens examined. This result was somewhat surprising 
for it is well known that only a proportion of rabbits immunized with B. dysen- 
teriae (Shiga) yield haemolytic antibody. The results of the tests for heterophile 
immune substance are given in Table IV. In all cases a normal bleeding was 
taken from each rabbit before the course of immunization and a sample of this 
serum was included in each test for heterophile antibody. Normal sera have 
generally been found to give only a trace of haemolysis at a dilution of 1 : 50 
under the experimental conditions employed. 

The serum of rabbits that have been immunized with B. dysenteriae (Shiga) 
and have produced “Shiga” heterophile immune body frequently shows a rapid 
fall in the amount of this immune substance during the course of subsequent 
doses of the bacterial antigen. Table IV shows that this decrease also occurs 
during immunization with the antigenic fractions. For example, the serum of 
rabbit 361, when diluted 1:2000 with saline, gave rise after 3 doses of the 
antigen to definite haemolysis of sheep red cells suspensions in the presence of 
complement. After the sixth dose of antigen it was necessary to employ nearly 
ten times as much serum to obtain the same degree of haemolysis, and finally, 
after 9 doses of the antigen, the serum failed to cause haemolysis of red cells 
when diluted more than 1: 100 with saline. A more detailed study of this 
phenomenon is being carried out. 

In view of the regularity with which the haemolytic immune body was 
produced it was considered advisable to investigate the possibility of the immune 
substance being formed as a result of non-specific stimulation. The following 
neutralization and adsorption tests were therefore performed and the serum 
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from rabbit No. 378 was used for this purpose. Seven 1-5 ml. portions of the 
serum diluted 1:25 were separately treated with (a) 1-5 ml. of a 1: 1000 
dilution of the specific “‘Shiga” polysaccharide, (6) 1-5 ml. of a 1 : 1000 dilution 
of the homologous antigen fraction, (c) a suspension of washed B. dysenteriae 
(Shiga), (d@) a suspension of B. dysenteriae (Flexner Z), (e) a suspension of 
diphtheria bacilli and (f) a suspension of washed sheep red cells. The mixtures 
were kept at 37° for 2 hr. and overnight at 0° and were finally centrifuged at 
this temperature. A series of dilutions of each of the clear supernatants was 
tested for haemolytic antibody in the usual manner using sheep red cells and 
complement. The results, together with those obtained from experiments in 
which the corresponding normal serum was employed are shown in Table V. It 


Table V. Showing the neutralization or adsorption of the heterophile immune serum 
by (1) “Shiga” specific polysaccharide, (2) “Shiga” antigen and (3) B. dys- 
enteriae (Shiga) Dilution of normal 

serum giving 
Dilution of immune-serum giving haemolysis haemolysis 





c oh ‘ - = 
Serum treated with 1:50 1:100 1:200 1:500 1: 1000 1:2000 1:50 1:100 1: 200 


“Shiga” polysaccharide 2 1 0 0 0 0 2 1 0 
Antigenic fraction 1 0 0 0 0 0 1 1 0 
“Shiga”’ bacilli 2 0 0 0 0 0 2 0 
B. dysenteriae (Flexner Z) 4 4 4 4 3 1 1 0 0 
Diphtheria bacilli + 4 4 4 3 1 2 1 0 
Sheep red cells 0 0 0 0 0 0 0 0 0 
Unabsorbed (control) 4 4 4 4 4 2 2 1 0 


wil] be seen that the heterophile immune body was completely neutralized by 
the specific ““Shiga”’ polysaccharide and by the homologous antigen preparation 
and was completely adsorbed by the intact “Shiga” bacilli, whereas the non- 
specific micro-organisms failed to remove any appreciable quantity of the 
heterophile immune substance. These results indicate that the heterophile 
immune body produced is specifically related to a somatic antigen associated 
with B. dysenteriae (Shiga). 


The action of acid and alkali on the antigenic material 


(1) The influence on agglutinin production. Samples of the antigen pre- 
paration were adjusted to pH 4-2-4-4 by addition of an appropriate buffer 
solution and were heated at 100° for different periods of time in small sealed 
glass containers. The samples after heating were neutralized and diluted with 
saline to give solutions which contained 0-050 mg. of the antigenic material in 
a dose of 0-5 ml. Three rabbits (Nos. 385, 386 and 387) were given the unheated 
material while two rabbits were immunized with each specimen of the heated 
substance. Thus rabbits Nos. 390 and 391 received material that had been 
heated for 30 min., rabbits Nos. 392 and 393 received the substance after 
60 min. heating and finally rabbits Nos. 394 and 395 received the antigen after 
it had been heated for 150 min. A precipitate formed in the solution after it 
had been heated for 30 min., but the supernatant fluid still remained slightly 
opalescent. Precipitation was observed to be complete after 1 hr. heating and 
the supernatant solution was perfectly clear. In each immunization a dose of 
0-05 mg. of the heated antigen was injected at 3-4 day intervals on three 
occasions; serum samples were taken 1 week after the last dose of antigen had 
been given. The results of the agglutination tests carried out on the various 
serum samples are shown in Table VI. The antigenicity, as measured by 
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agglutinin response, is rapidly destroyed by heat and after 150 min. at pH 4:2-4-4 
and 100° one of the two samples of immune serum which was examined failed to 
agglutinate B. dysenteriae (Shiga) at a dilution greater than 1 : 20; the other 
showed a titre of 1 : 100. 

Similar treatment of the antigenic material at pH 8-2-8-4 was tested. After 
30 min. heating, the material produced a high titre of agglutinins in the serum 
of the two rabbits, Nos. 398 and 399, which had been immunized, whereas even 
after 90 min. at 100° the titre of the two specimens of immune serum taken 
from rabbits Nos. 400 and 401 was in each case 1 : 500. It thus appears that the 
antigen is not rapidly destroyed when it is heated at 100° at pH 8-2-8-4. 

The action of heat (100°) on an aqueous solution of the antigenic material at 
pH 7-0 was also determined and it was found that after 30 min. heating a pre- 
cipitate formed and the opalescence of the solution disappeared. However, 
the preparation still possessed some antigenic action because the two rabbits 
which were immunized with the heated material produced specific agglutinins 
(rabbits Nos. 402 and 403) to titres of 1 : 500 and 1 : 200 respectively. 

The influence on the immunizing potency of keeping the antigenic material 
at pH 6-0 and at pH 8-6 for 5 days at 37° was also determined. So far as could 
be ascertained incubation at pH 6-0 for 5 days caused no destruction of the 
antigen because the serum of each of two rabbits immunized with this material 
completely agglutinated the homologous organism up to a dilution of 1 : 2000. 
The serum samples that were obtained from two rabbits which had been given 
the alkaline antigen (pH 8-6) likewise possessed a high titre—l : 5000 and 
1 : 2000 respectively—of “Shiga” agglutinins. 

(2) The influence on the production of heterophile antibody. The sera obtained in 
the immunity experiments designed to determine the action of acid (pH 4-2-4-4) 
and alkali (pH 8-2-8-4) at 100° were examined for their content of hetero- 
phile immune substance. The immune response with the normal, unheated 
antigen (rabbits Nos. 385, 386 and 387) is shown in Table VI. The power of the 
antigen to produce heterophile antibody is rapidly destroyed in acid solution at 
100° so that after 60 min. heating the antigenicity of the preparation is negligible. 
Heating the antigenic substance at pH 8-2-8-4 likewise rapidly destroys its 
capacity to engender heterophile immune body. The two rabbits immunized 
with the antigenic preparation after it had been heated at pH 7-0 for 1 hr. both 
failed to produce heterophile antibody. Whether this lack of capacity to produce 
heterophile immune substance is due to a true destruction of the essential 
chemical structures in the antigen or is a direct result of the destruction of the 
colloidal nature of the antigen preparation has not been determined. 

The sera of two rabbits which were immunized with an antigen preparation 
that had been kept at pH 6-0 and at 37° for 5 days contained a considerable 
quantity of “Shiga” heterophile antibody and they produced haemolysis at 
dilutions of 1: 2000 and 1: 500 respectively, whereas the immune sera of two 
rabbits which had received a preparation of the antigenic material that had been 
kept at pH 8-5 and at 37° for 5 days contained practically no “‘Shiga”’ haemo- 
lysins; both sera produced only a trace of haemolysis at a dilution of 1:100. These 
simple experiments indicate that the capacity of the antigen to produce hetero- 
phile immune body is easily destroyed by treatment with very weak alkali. 


Action of enzymes on the antigenic material 


Some preliminary experiments on the action of enzymes on the immunological 
properties of the antigenic material have been completed. An active preparation 
of trypsin was allowed to act at pH 8-5 for several hours on a purified preparation 
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of the antigen: a control experiment with the inactivated enzyme was also 
included. The usual course of 3 doses of 0-05 mg. of the antigen after treatment 
with trypsin was given to two rabbits, whereas two other animals received 
similar quantities of the control solution. The rabbits that received the anti- 
genic material after it had been exposed to the action of trypsin both gave rise 
to a high titre (1 : 5000 and 1 : 2000 respectively) agglutinating serum. The two 
control animals likewise produced a serum giving agglutination at a high 
dilution. It would appear from these results that the immunological activity 
of the antigen is not destroyed by the action of trypsin at pH 8-5. 

It seemed of interest to ascertain whether a commercial enzyme preparation, 
“luizyme”’, that is known to contain cellulases and hemicellulases, has any 
destructive action on the antigenic material. As far as could be determined there 
was no loss of antigenicity. Two rabbits that received the antigenic material 
after it had been exposed to the action of “luizyme” for 5 hr. at 37° produced 
immune sera giving agglutination at dilutions of 1 : 2000 and 1: 1000 respectively, 
whereas the same antigenic preparation after it had been treated with the 
inactivated enzyme preparation induced the formation of immune sera each of 
which agglutinated the homologous organism at a dilution of 1 : 2000. 


The toxicity of the antigenic substance 


The minimum lethal dose of the most active fraction was determined by 
giving to a group of mice intravenous doses from 5-0 to 0-01 mg. of the substance 
dissolved in saline. The results of the animal tests are shown in Table VII. It 


Table VII. Showing the results of toxicity tests in mice with the antigenic 


material 
Results of tests 

Dose of preparation = M"#—— 

given intravenously No. No. of 

Antigenic preparation mg. inoculated deaths 
(1) Purified by acetone and 0-50 3 3 
alcohol fractionation 0-30 3 3 
0-20 8 8 
0-10 5 5 
0-05 5 1 
0-01 5 0 
(2) Purified by extracting 0-50 3 3 
preparation (1) with tri- 0-30 3 3 
chloroacetic acid at 0° 0-20 8 8 
0-10 5 4 
0-05 5 0 
0-01 5 0 


will be seen that 0-10 mg. represents 1 lethal dose of the preparation and that 
the material after treatment with trichloroacetic acid is similarly lethal in doses 
of this order. The mice which received these doses died within 12-18 hr. without 
showing any symptoms of paralysis, but severe diarrhoea is an early symptom. 
When 0-05 mg. of the antigenic preparation is given the mice are very ill for 
about 12 hr., but thereafter they completely recover without showing symptoms 
of paralysis. Rabbits inoculated intravenously with 5 mg. of the substance die 
within 24 hr. with diarrhoea, and a post-mortem examination may reveal 
haemorrhagic lesions in the wall of the caecum and intestines ; paralytic symptoms 
appear to be absent. 

A group of mice was given 2, 5 and 20 minimum lethal doses of a toxic 
autolysate of B. dysenteriae (Shiga). It was soon evident that even 20 lethal 
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doses failed to kill in less than 24 hr. whereas 5 doses required 48-72 hr. and 
2 lethal doses, 72-120 hr. to bring about a fatal issue. The symptoms observed, 
particularly paralysis of the hind quarters, were those which are characteristic 
of a neurotoxin. 


DISCUSSION 


A method for the isolation of bacterial antigens which avoids the use of an 
acid or alkaline medium and which can be carried out at normal temperatures or 
at 0° has been developed in order to minimize the risk of changing the antigenic 
complex during the process of isolation and purification. Furthermore, the use 
of anhydrous organic solvents, dry bacteria and low temperatures also greatly 
reduces the possibility of enzymic action which in certain instances is known to 
cause considerable damage and even to destroy the antigenic complex com- 
pletely. If the bacterial enzymes are of protein nature or are in some way 
closely associated with the protein, then the use of diethyleneglycol and certain 
of the other solvents will reduce the possibility of the enzymes being extracted 
along with the specific antigenic material. 

If one may judge from the experimental work so far completed it would 
seem that very little somatic material other than the specific antigen is extracted 
from the bacillary body by the various solvents that have been employed. Indeed, 
only rarely has it been observed with B. dysenteriae (Shiga) that more than 
1—2 % of the total dry weight of the organism passes into the solvent during each 
extraction and the percentage yield of soluble antigenic material even after 
several extractions does not exceed 6—7 % of the original weight of the mass of 
organisms. With other bacteria, for example, the “0” variant of B. typhosum 
the yield of the soluble antigenic material after fractionation with acetone may 
be as high as 9-10 % of the total dry weight of the organisms employed. 

Whether it is possible to evolve a differential extraction method whereby 
several solvents are utilized and in this way to isolate the various antigens that 
are known to exist in some bacteria can only be decided by further work, but 
some preliminary experiments have already given encouraging results. In experi- 
ments of this nature the degree of solubility of the particular antigen in the 
selected solvent is not of primary importance for it may well be that a solvent 
which dissolves the antigen in question sparingly will prove to be a more suitable 
agent for its separation from other antigens associated with it than another 
solvent which readily dissolves the total antigenic material to a concentration of 
Lor2%. 

It is impossible to state with certainty that the preparations which have been 
obtained up to the present consist of a single chemical substance. The application 
of a variety of methods of fractionating the antigenic preparations has in each 
case ultimately yielded a substance with very similar chemical, physical and 
immunological properties and it seems probable that the material that has been 
obtained in this manner represents the essential bacterial antigen very largely 
freed from other non-specific substances. Qualitative tests indicate that the 
material is free from protein and, in support of this conclusion, it has been 
observed that trypsin fails to destroy the specific antigenic properties of the 
complex. The antigenic material is rapidly hydrolysed by 0-1 N acetic acid at 
100° and an examination of the hydrolysis products shows that about 48% 
of the antigen consists of a specific polysaccharide; undoubtedly it is this con- 
stituent of the complex which endows the antigen, and hence the micro- 
organism, with its characteristic immunological specificity. The nature of the 
remaining portion of the antigen is as yet largely a matter of conjecture but it 
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appears to be in part lipoidal; it seems likely that a polypeptide chain may also 
be present since all preparations of the unhydrolysed material so far examined 
have given a definite biuret test but a negative ninhydrin reaction. Until further 
tests for homogeneity have been applied to the antigenic material it would be 
unprofitable to discuss in detail the probable chemical make up of the antigen 
molecule because, unless it is certain that the material designated as “antigen” 
is really a pure, homogeneous substance, the chemical properties assigned to it 
are of doubtful value. When discussing the immunological properties of the 
active preparations the position is somewhat different since it is improbable 
that contaminating non-specific substances—even if they are antigenic—can 
inhibit the production of specific immune body. 

The antibacterial immunity response given by the antigen preparations 
appears to be qualitatively identical with that obtained when the whole micro- 
organism is employed. It has been apparent, however, that experimental 
animals tolerate the antigenic material much more readily than the highly 
toxic ““Shiga”’ bacilli and in consequence they can be immunized more rapidly 
and finally yield immune sera of high titre. This is especially evident when the 
results of producing “Shiga” heterophile antibody are considered, since nearly 
every rabbit inoculated has produced an immune serum giving haemolysis up 
to a dilution of 1 : 500; titres of 1 : 1000-1 : 2000 have not been uncommon. 

The results of the immunity experiments in which alkali-treated antigen 
was employed indicate that the antigenic structures associated with the pro- 
duction of specific agglutinins and precipitins are relatively resistant, whereas 
the corresponding structures that are bound up with the capacity of the antigen 
to induce the formation of ‘‘Shiga”’ heterophile immune body are alkali-labile. 
It has already been shown [Meyer & Morgan, 1935] that the action of alkali 
on the combining power of the polysaccharide portion of the antigen for the 
heterophile antibody is slight. These findings, therefore, when considered 
together suggest that the heterophile antigenic structures do not reside entirely 
in the polysaccharide portion of the antigen but are present also in an un- 
identified component of the antigenic complex. The reason for the close relation- 
ship that has been shown to exist between the power of the polysaccharide to 
combine with the antibacterial immune substance—agglutinin and precipitin— 
and its capacity to neutralize the heterophile antibody would appear to be that 
the polysaccharide combines solely with the antibacterial (antipolysaccharide) 
receptors on each type of antibody molecule and that in reality its molecule does 
not contain a specific heterophile antigenic structure. The answer to this in- 
teresting problem can only be obtained after further work has been carried out 
and experiments designed to contribute to its solution are now being undertaken 
in collaboration with Dr D. W. Henderson. 

It is of interest to note that a horse which was immunized with the antigenic 
preparation produced 1-64 mg. of antibody protein per ml. of blood serum and 
therefore, if we assume a blood serum volume of 25 1., 41 g. of antibody protein 
has been formed during the immunization. The total antigen given to the 
animal was 16-2 mg. and the ratio of the amount of antigen injection to the 
quantity of antibody formed was approximately 1 : 2500. This figure must 
represent a minimum value because the antibody present in the tissues of the 
animal cannot be readily ascertained. The numerical value of the ratio, mg. of 
antigen injected/mg. of antibody produced, for rabbits that have been im- 
munized was considerably smaller than the one obtained for the horse and was 
found to be, in the five sera examined, of the order 1 : 550, 1 : 550, 1 : 200, 
1 : 400, 1 : 1000 respectively. 
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Olitsky & Kligler [1920] have produced evidence in support of the view that 
two independent toxic entities are associated with B. dysenteriae (Shiga). One 
of these is a soluble, heat-labile factor which is responsible for the production 
of paralysis in the experimental animal and is essentially a neurotoxin. The 
other type of toxin has been termed an endotoxin and is considered to be re- 
latively heat-stable. Recently Boivin & Mesrobeanu [1937] and Mesrobeanu & 
Boivin [1937] have isolated two toxic constituents of B. dysenteriae (Shiga). One 
is a protein and corresponds to the soluble, heat-labile neurotoxin whereas the 
other toxic factor is heat-stable and is non-protein in nature. The results of our 
experiments dealing with the toxicity of the specific somatic antigen support 
the view put forward by these workers and indicate that this non-protein sub- 
stance is identical with Olitsky & Kligler’s endotoxin. 

Antigenic fractions have also been isolated by the extraction method 
described from ‘Rough Vi”, ““O. Vi” and ‘‘O” strains of B. typhosum, and 
from other micro-organisms. A detailed study of the chemical and immunological 
properties of the various antigens contained in these organisms will be published 
in a later paper in collaboration with Dr D. W. Henderson. 


SUMMARY 


1. A method is described for the isolation of certain bacterial antigens 
which depends upon the solubility of the antigenic complex in a number of 
organic solvents. The process of extraction can be carried out at a neutral 
reactiou. and at normal or low temperatures. 

2. Special reference is made to the isolation of the specific antigen which is 
associated with the “smooth” form of B. dysenteriae (Shiga). 

3. This antigenic material is free from protein and is readily hydrolysed by 
dilute acid to yield about 48% of its weight of the specific polysaccharide, 
[a]p+98°; N, 18%. After acid hydrolysis a part (28%) of the antigenic com- 
plex is insoluble in water; this material contains 7-1% nitrogen and 0-8% 
phosphorus and is partly soluble in ether. 

4. The antigenic material induces an antibacterial immunity response which 
is qualitatively identical with that produced by the specific antigen of the intact 
micro-organisms. 
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BuiascuKko e¢ al. [1937, 1] have shown that there is present in liver, intestine and 
other mammalian tissues an enzyme which catalyses the oxidation of adrenaline. 
For each molecule of adrenaline oxidized one atom of oxygen is taken up. 

It has now been found that the products of this reaction are methylamine 
and an aldehyde; the reaction is an oxidative demethylamination and may be 


represented by the equation 


A + ~ 
HO/ \\CHOH.CH,NH,CH, +30, > HO \CHOH.CHO +NH,CH,. 


Hol, HO. 

This reaction is chemically similar to the oxidative deamination of tyramine 
which is known also to be catalysed by an enzyme present in liver [Hare, 1928; 
Bernheim, 1931]. 

Blaschko et al. [1937, 2] found that a number of other primary and secondary 
amines are oxidized by liver extracts, and Pugh & Quastel [1937] have recently 
described the oxidation of a further series of aliphatic amines. In the present 
paper is described the chemical investigation of the enzymic oxidation of a number 
of amines of different types. It was found that in each case the reaction products 
were an aldehyde and ammonia or a lower amine. 


Enzyme preparations 


(a) A very active enzyme preparation was obtained from guinea-pig liver as 
follows: 10 g. liver were ground for 20 min. with sand, 10 ml. 7/15 phosphate 
buffer pH 7-3 were added, the mixture was centrifuged and the supernatant fine 
suspension dialysed for 5hr. To the dialysed suspension were now added 
1-3 ml. M phosphate buffer pH 7-3 and the mixture was made up to 20 ml. This 
enzyme preparation showed only a very low spontaneous oxygen uptake at 
37° and could be kept in the ice chest for several days. 

(6) In a number of experiments a preparation from guinea-pig intestine was 
used. The intestine was slit open along its length, washed with water and dis- 
infected by keeping for 10 min. in 1/10,000 8-hydroxyquinoline solution. 10 g. 
intestine were ground with sand for 20 min. mixed with 20 ml. M/15 phosphate 
buffer pH 7-3 and the mixture centrifuged. The supernatant suspension con- 
tained an active enzyme but retained its activity for little more than a day. 

The oxidations were carried out by shaking a mixture containing 1-9 ml. 
enzyme suspension and 0-2 ml. amine hydrochloride (7/4) in air in a Warburg 
apparatus at 37°. The liver preparations were used for all the experiments 
described ; the intestine preparations were used for confirmatory experiments. 

1 Beit Memorial Research Fellow. 
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Identification of ammonia and volatile amines 


Ammonia was liberated from the reaction products by treatment with an 
equal vol. of saturated K,CO, in a Conway dish [Conway, 1933]. It was then 
converted into (a) the picrate and (b) the 2:4-dinitro-g-naphthol derivative by 
introducing about 0-05 mg. of the reagent suspended in a drop of water on a 
coverslip attached by vaseline to the lid of the Conway dish. For identifying 
the volatile amines, traces of ammonia coming from the enzyme preparation were 
first removed by keeping the solution with an equal vol. of saturated K,CO, for 
45 min. at 37° in a Conway dish containing dil. H,SO, in the central compartment. 
In this time 99-5°% of the ammonia but only a much smaller fraction of the 
volatile amines passed over into the acid. The residual amine was then converted 
into the derivatives (a) and (6b) as with ammonia and the derivatives were 
identified by examining the optical properties of the crystals with the polarizing 
microscope in plane and polarized light [Klein & Steiner, 1928]. In many cases 
the derivatives were recrystallized on the coverslips in order to obtain well- 
defined crystals. 

By means of the two derivatives described it was possible to identify small 
quantities of amines of the order of 0-01 mg. very rapidly and with a high degree 
of certainty. The following properties, some of which were previously given by 
Klein & Steiner [1928], were found particularly suitable for identifying amines in 
this way: 


Reagent Ammonia Methylamine Dimethylamine Ethylamine 
Picrates 
Habit : Prisms Plates and Plates Plates Plates and 
prisms prisms 
Pleochroism Weak Distinct Strong Weak Strong 
Extinction Parallel Parallel Parallel 42° Parallel 
Interference Medium Strong Strong Strong Very strong 
Crystal edge a = 137° a =117° a = 129° a= 96° a = 123° 
angles p=14l B=132 ; 
y=102° 
d= 78 
2:4-Dinitronaphthol derivatives 
Habit Prisms Fine pointed Blunt ended Short prisms Plates 
needles prisms, often square ended 
curved 
Pleochroism Weak Weak Yellow-brown Marked yel- Weak 


low-brown 


Extinction 0-10 Angular Parallel 20 Angular 


Ammonia or volatile amines from the following series of amines were 
identified : 

Phenylethylamine: C,H,CH,CH,NH,. Ammonia identified as above. Ammonium picrate gave 
a=117°. Found: 116°. 

Tyramine: (HO)C,H,CH,CH,NH,. Ammonia identified. 


HO” \CHOH.CH,NH,. 


dl-Arterenol: Ammonia identified as above. 
HO 
al 
HO/ \CHOH.CH,NH.CH,. 
1-Adrenaline: Methylamine identified by dinitronaphthol 
HO ) 
V/ 


derivative and picrate crystals. Methylamine picrate gave «=129°. Found: «=129°, 
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HO/ \CH,CH,NH.CH,. 


Epinine: Methylamine identified. Found for picrate: «=129°. 


HO.) 
/ CHOH.CH,NH.CH,. 
1-p-Sympatol : Methylamine. Found for picrate: «=129°. 


0 
HO’ \CHOH.CH,NH.C,H,. 


dl-Alkamine : Ethylamine identified by characteristic smell, 


HO\ 
Si 


isonitrile reaction and dinitronaphthol derivative. 
/ ‘\CH,CH,N(CH,)s. 
Hordenine: | Dimethylamine identified by dinitronaphthol derivative 
| | 
HO , 
(dimethylamine gave extinction angle 20°; «=105°; B=154°. Found: extinction angle, 21°; 
“«=105°; B=155°). Picrate (dimethylamine picrate gave extinction 42°; «=95°; B=131°). 
Found: extinction, 42°; «=96°; B=132°. 
rhe quaternary salt N-methylhordenine chloride was not oxidized. 


Quantitative estimation of ammonia and volatile amines 
For a few of the substrates the ammonia or volatile amines formed were 
estimated quantitatively by the Conway method (using similar conditions to 
those used by Conway [1933] for the estimation of ammonia). The rates of 
absorption of a number of different types of amines under standard conditions 


were first measured (Fig. 1). 








Hours 





Fig. 1. Rates of absorption of amines. I, ammonia. II, isobutylamine. III, methylamine. 
IV, isoamylamine. V, ethylamine. VI, benzylamine. At 37° in Conway apparatus. 


Each Conway dish contained 2 ml. N/100 H,SO, in the central compartment 
and 1 ml. 0-015 M amine hydrochloride solution +1 ml. saturated K,CO, in the 
outer compartment. isoButylamine and isoamylamine, although much less 
volatile than methylamine, were unexpectedly absorbed more quickly. The 
probable explanation is that the rate of absorption of the amine is determined 
(a) by its volatility and (6) by its solubility in aqueous solution. isoAmylamine 
is absorbed more rapidly than methylamine because it is less soluble in aqueous 
solution so that the vapour pressure of its aqueous solution is higher. 
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Using this method it was found in agreement with Hare [1928] that the 
amount of ammonia formed when tyramine was incubated with the enzyme 
preparations was much less than 1 mol. per atom of oxygen taken up. This was 
apparently due to the further oxidation of the aldehyde by aldehyde oxidase 
present in the preparations, since when semicarbazide was added to act as an 
aldehyde fixative the ammonia formed corresponded approximately to the 
theoretical of 1 mol. per atom of oxygen. 

With adrenaline the amount of methylamine obtained was also much less 
than the theoretical calculated on the oxygen uptake unless the precaution 
was taken of adding 10-* M HCN to inhibit autoxidation or oxidation to 
adrenochrome by the indophenol oxidase system [Green & Richter, 1937]. 
With sympatol, which is a much more stable substrate, it could be shown that 
approximately the theoretical amount of methylamine was formed. The further 
oxidation of the aldehyde appeared to be slow in this case. The following 
experimental results are typical: 


NH, cale. 
from O, NH, 
uptake found % 
Substrate Additions pl. O, mg. mg. theory 

Tyramine 10-* M HCN 707 1-09 0-53 49 
Tyramine Semicarb. 196 0-30 0-31 103 
Arterenol Semicarb. 219 0-33 0-35 106 

CH,NH, CH,NH, 
Adrenaline _ 530 1-39 0-79 57 
Adrenaline Semicarb. 289 0-80 0-51 64 
Adrenaline 10-* M HCN 348 0-96 0-78 81 
l-p-Sympatol cos 302 0-836 0-82 98 
l-p-Sympatol 10-* M HCN 327 0-91 0-96 95 


The oxidations were carried out under conditions similar to those described 
above, with 0-2 ml. amine hydrochloride solution and 1-8 ml. enzyme solution 
in each Warburg vessel. In the experiments in which semicarbazide was added 
0-2 ml. of M solution was used. 


Isolation of aldehydes 


With a further series of substrates the aldehydes formed were isolated from 
the reaction products as the 2:4-dinitrophenylhydrazones. For this purpose the 
oxidations were carried out in the presence of .V/20 semicarbazide to prevent the 
aldehydes being destroyed by further oxidation or by dismutation. The mixture 
of reaction products was deproteinized by boiling at pH 5-3, acidified with HCl 
and treated with a solution.of the reagent in 2N HCl. 

Dinitrophenylhydrazones were obtained from the following substrates: 

Benzylamine. The dinitrophenylhydrazone was separated by centrifuging, 
washed with alcohol and recrystallized twice from ethyl acetate. It separated 
in orange prisms, M.P. 238°. (Found: C, 54-2; H, 3-7; N, 19-2%. C,3;H ON, 
requires C, 54-5; H, 3-5; N, 19-6%.) This agrees with the dinitrophenylhydrazone 
of benzaldehyde. The product obtained enzymically gave prisms showing 
parallel extinction, pleochroism (pale yellow-dark brown) and giving the crystal 
edge angle <=116°. The compound prepared synthetically from benzaldehyde 
gave M.P. 241° (no depression on mixing), parallel extinction, similar pleochroism 
and interference and the crystal angle «=116°:; 

Phenylethylamine. The dinitrophenylhydrazone was recrystallized from 
66% alcohol and agreed in properties with the derivative prepared from 
phenylacetaldehyde. (Found: C, 55-9; H, 4:5; N, 18:3%. C,gH,,0,N, requires 
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C, 56-0; H, 4-0; N, 18-7%.) The enzymic product crystallized in pale yellow 
plates with a marked tendency to twinning, showing strong pleochroism, 
angular extinction, M.P. 118-120° and with the crystal angles «= 125°; B=107°. 
The derivative prepared synthetically and recrystallized from 66 °% alcohol under 
the same conditions gave similar optical properties and M.P. 120—121° (no depres- 
sion on mixing), and crystal angles «=125°; B= 106°. 

Tyramine. The dinitrophenylhydrazone was crystallized from benzene from 
which it separated in microcrystals giving M.P. 183-186° (decomp.). The 
microanalysis agreed with the dinitrophenylhydrazone of hydroxyphenyl- 
acetaldehyde. (Found: C, 53:0; H, 3-9; N, 17:°3%. C,,H,,0O;N, requires 
C, 53-2; H, 3-8; N, 17-7%.) 

Adrenaline. The dinitrophenylhydrazone separated as a bright yellow 
precipitate on adding the reagent, but it rapidly blackened on warming or on 
standing and no satisfactory method could be found for purifying it. The crude 
substance gave on microanalysis N, 16-9%. The derivative of dihydroxy- 
phenylhydroxyacetaldehyde, C,,H,,0,N, requires N, 16-6%. 

isoAmylamine. Pugh & Quastel [1937] mention that the reaction products 
from isoamylamine give a precipitate with dinitrophenylhydrazine. The 
derivative was recrystallized twice from 2N HCl containing 25°% alcohol and 
separated in orange plates agreeing in properties with the dinitrophenylhydrazone 
of isovaleraldehyde. The product obtained enzymically from isoamylamine gave 
M.P. 120° and erystals showing strong dichroism, very brilliant interference, 
extinction angle 16° and crystal angles «=97°; B=105°. The synthetic deriva- 
tive gave M.P. 120° (no depression on mixing), similar dichroism and. inter- 
ference, extinction angle 17° and crystal angles «=98°; B=104°. (Found for 
enzymic product: C, 50-7; H, 5-3: N, 20-7%. C,,H,,0,N, requires C, 49-6; 
H, 5-3; N, 210%.) 

n-Amylamine. The dinitrophenylhydrazone crystallized from 2N HCl in 
pale yellow needles, M.P. 107°. This agrees with the dinitrophenylhydrazone of 
n-valeraldehyde. (Found: C, 49-1: H, 5-5; N, 20-4%. C,,H,,0O,N, requires 
C, 49-6; H, 5-3; N, 210%.) 

Dinitrophenylhydrazones were also given by the reaction products from epinine, 
alkamine, arterenol, hordenine, /-p-sympatol and isobutylamine. The formation 
of aldehydes could further be shown qualitatively by means of Schiff’s reagent. 

For a few substrates the amount of aldehyde formed was estimated quanti- 
tatively by weighing the dinitrophenylhydrazones. As was to be expected the 
yield of aldehyde was small in the absence of an aldehyde fixative as the free 
aldehydes were in most cases rapidly oxidized by the aldehyde oxidase or dis- 
muted by the aldehyde mutase present in the enzyme preparations. The addition 
of 10-* M HCN served to prevent the autoxidation of the more labile substrates 
such as adrenaline. In the presence of M/20 semicarbazide approximately the 
theoretical amount of aldehyde calculated from the oxygen uptake was formed. 


Dinitrophenylhydrazone 


fe 

pl. O, Calculated Found 
Substrate Additions uptake mg. mg. 
isoAmylamine — 393 9-3 1-0 
Tyramine — 609 17-2 1-9 
l-p-Sympatol — 222 6-6 0-6 
isoAmylamine Semicarb. 402 9-5 6-9 
Tyramine » 439 12-4 12-9 
Arterenol - 260 8-1 6-8 
Epinine os 531 15-7 11-7 
l-Adrenaline Bo 277 8-6 7-2 
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The oxidations were carried out in the Warburg apparatus under the 
conditions described above. The dinitrophenylhydrazones precipitated after 
deproteinizing were washed twice with 2N HCl before weighing. 


Discussion 


In the oxidation of a number of primary, secondary and tertiary amines by 
amine oxidase preparations it was found that in each case an aldehyde and 
ammonia or a lower amine was formed. These oxidative deaminations may be 
represented by the general equation: 

+ ~ 
R.CH,NHR’, +30, > R.CHO+NH,R’, 
where R’ =hydrogen or an alkyl group. 

A number of different amine oxidases have been described in the literature 
(tyramine oxidase, adrenaline oxidase, aliphatic amine oxidase). The statement 
of Hare [1928] that tyramine oxidase does not catalyse the oxidation of adrenaline 
made it appear that adrenaline oxidase is distinct from tyramine oxidase, but it 
has not been found possible to confirm this. These oxidative deaminations are 
chemically very similar and Kohn (unpublished) and Blaschko et al. [1937, 3] have 
obtained further evidence that the three amine oxidases described are identical. 

The complex relationships between oxygen uptake and ammonia formation 
described by Hare [1928] in the oxidation of tyramine are due to the fact that 
she was working with a succession of reactions involving at least three enzymes 
the aldehyde oxidase and aldehyde mutase in addition to the amine oxidase. 
When the precaution is taken to isolate the one reaction involving the amine 
oxidase by using semicarbazide as an aldehyde fixative the observed relation- 
ships are simple. 

Reaction mechanism. It has been shown for the substrates tyramine, adren- 
aline and the aliphatic amines that hydrogen peroxide is formed as a reaction 
product [Hare, 1928; Philpot, 1937; Pugh & Quastel, 1937]; the hydrogen 
peroxide is normally destroyed by catalase present in the enzyme preparations 
so that it does not come into the reaction equation. The formation of hydrogen 
peroxide indicates that the reaction is essentially a dehydrogenation. Philpot 
[1937] has recently shown that other hydrogen acceptors as well as oxygen 
may be used in the oxidation of tyramine by tyramine oxidase. The dehydro- 
genation of a molecule such as that of hordenine (OH)C,H,CH,CH,N(CH,), 
which has no hydrogen on the nitrogen atom is difficult to represent; but these 
reactions proceed at neutral or even acid reactions at which only a small amount 
of the free base can be present, and it is therefore probably more accurate to 
represent the dehydrogenations as affecting the ions, which contain an additional 
hydrogen atom on the nitrogen atom. The oxidation of a tertiary amine such as 
hordenine for example could then be represented by the following equations in 
which the ion is dehydrogenated to give an unstable imino-derivative which 
is then rapidly hydrolysed to give the aldehyde and lower amine: 





- + 
R.CH,NHR’, +0, > R.CH=NR’,+H,0, 


- + 
R.CH=NR’,+H,O > R.CHO+NH,R’Q. 


The enzymic oxidation of amines resembles very closely the oxidation of 
amino-acids by the amino-acid oxidases, the mechanism of which has recently 
been discussed by Krebs [1936]. The fact that isopropylamine derivatives are 
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not attacked by the amine oxidase although there is a hydrogen atom on the 
a-carbon atom available for dehydrogenation [Blaschko et al. 1937, 2, 3] shows 
that the steric effect of neighbouring groups may be important in enzymes of 
this type and the inability of the amino-acid oxidases to deaminate «-aminoiso- 
butyric acid [Keilin & Hartree, 1936] can no longer be considered a strong 
argument in favour of a dehydrogenation mechanism. On the other hand 
N-dialkylamino-acids should be capable of dehydrogenation if, as analogy with 
the amines suggests, it is the zwitterion form of the amino-acid that is attacked. 

Physiological role. The amine oxidases have hitherto been considered almost 
exclusively in relation to the amines which are their substrates; but the present 
work raises the question of whether the ability of these systems to effect the 
biosynthesis of aldehydes may not also be of significance? The most probable 
function of the amine oxidase appears to be the destruction of toxic amines such 
as tyramine which are formed by bacteria; but it may also have a special role in 
connexion with the physiological inactivation of adrenaline. Weinstein & 
Manning [1937] have recently found that when adrenaline is injected into rabbits 
an acid with similar properties to protocatechuic acid is excreted in the urine. 
Under these conditions the adrenaline appears to be inactivated by oxidation in 
the side chain of the molecule and it is therefore possible that the amine oxidase, 
which has been shown to catalyse the oxidation of the adrenaline in the side 
chain, may be partly concerned. It is clear that this type of oxidation of 
adrenaline is entirely different from the oxidation to adrenochrome described by 
Green & Richter [1937]. 

SUMMARY 


Adrenaline is oxidized in the same manner as other primary, secondary and 
tertiary amines by the amine oxidase of guinea-pig liver and intestine. The 
reaction products are in each case an aldehyde and ammonia or a lower amine. 

Phenylethylamine, tyramine and arterenol form ammonia; adrenaline, 
epinine and sympatol give methylamine; alkamine gives ethylamine and 
hordenine gives dimethylamine. 

The aldehydes and ammonia or lower amines were identified as crystalline 
derivatives and in a number of cases estimated quantitatively. 

The quaternary salt, N-methylhordenine chloride, was not oxidised. 


The author wishes to thank Sir F. G. Hopkins, Prof. Keilin and Dr H. 
Blaschko for their interest, C. H. Boehringer Sohn and I. G. Farbenindustrie 
A.G. for the gift of chemicals, and the Medical Research Council and Chemical 
Society for grants. 
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INTRODUCTION 


From a study of the literature McCance & Widdowson [1937, 2] suggested that 
the capacity of the human body to excrete iron may be very much less than has 
generally been supposed. It may in fact be negligible. A series of experiments 
was accordingly designed to put this matter to the test and the present paper 
records some of the results. 

In the first stage of this experiment normal human adults were placed upon a 
mixed diet with a reduced iron content. On this diet it was expected that they 
would be “in iron balance” and this was in fact found to be the case. Current 
theories of iron metabolism would explain this by stating that measurable 
quantities of iron were being absorbed every day and that the subjects were 
maintained in iron equilibrium by a process of regulated or controlled excretion. 
Assuming this to be true, the fact that they were in balance showed that they 
were saturated with iron up to normal capacity. Consequently, any increase in 
the quantity of iron in the body should have been followed by the excretion of a 
corresponding amount. In the second stage the subjects were given very large 
doses of iron by mouth. This has the effect of forcing iron into the body [Brock 
& Hunter, 1937; Fowler & Barer, 1937] which in itself is evidence that the 
processes of excretion must lag far behind those of absorption when the latter 
is abnormally high. In the final stage the subjects returned to a low iron intake 
and their iron exchanges were carefully measured. It was considered that a 
negative iron balance was to be expected according to current views, but that 
the new theory required the subjects to be in iron equilibrium. 


PRESENT INVESTIGATION 


The subjects. Two men and two women acted in this capacity. The two men, 
R. J. M. age 24 and A. W. H. age 23 were laboratory technicians, and the two 
women, M. M. aged 21 and H. M.S. age 29 were secretaries. They all carried out 
their ordinary duties throughout the course of the experiment. 


(a) Stages 1 and 3 General metabolic technique 


During these stages, when exact balances were being carried out at low iron 
intakes, food was prepared and eaten at the laboratory, care being taken to 
avoid the possibility of any iron contamination. Foods rich in iron such as meat, 
eggs, brown bread and chocolate were avoided, but no restriction was placed 
upon the amount of food eaten. Duplicate samples of all food and drinks were 
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set aside for analysis. They were then treated as described by McCance & 
Widdowson [1937, 1]. The urine was passed into glass vessels and stored under 
toluene. At the end of each period duplicate portions of 200 ml. of the mixed 
urine were dried, dry-ashed and analysed for iron. The faeces were marked with 
carmine at suitable intervals and passed directly into counterpoised glass bowls. 
Collections were continued in the same bow] until the end of each period. Then 
about 100 ml. cone. A.R. iron-free HNO, were added as recommended by Brock 
& Hunter [1937] and the whole thoroughly mixed with a stout glass rod flattened 
into a ? in. disk at the lower end. The mixture was left to stand at room tempera- 
ture, with occasional stirring, for several days. By this means a uniform suspen- 
sion was obtained. The contents of the bowl were then weighed and duplicate 
samples of 30 g. weighed out into silica crucibles, dried at 50° and dry-ashed. 
10 ml. of conc. A.R. HCl were then added and the mixture heated gently for 
some hours on a sand-bath. Subsequent treatment of the ash was similar to that 
described by McCance e¢ al. [1936]. 

The ash extracts of food, drinks, urine and faeces were analysed for iron by 
the thiolacetic acid method [Lyons, 1927; McCance et al. 1936]. 


(b) Stage 2. 

It was decided to give each subject 1000 mg. of iron a day and the admini- 
stration of these large doses was continued without interruption for 36-46 days. 

R.J.M. and M. M. took a solution of ferric ammonium citrate by mouth. 
The daily supply was taken in two 20 ml. portions, one in the morning and one 
in the afternoon. All the doses were carefully measured with the same 20 ml. 
pipette which was also used to withdraw aliquots for analysis. The iron solution 
was diluted with water before being taken and the drinking vessel thoroughly 
rinsed out with water and the washings drunk. A. W. H. and H. M.S. took 
saccharated ferrous carbonate in 1 g. capsules. Four were taken daily in divided 
doses. Samples of each preparation of iron were dry-ashed and analysed by 
Klumpp’s [1934] method which was also used for the analysis of iron in the 
faeces in this part of the experiment. It was found on doing so that the solution 
of ferric ammonium citrate contained less, and the saccharated ferrous carbonate 
more iron than was supposed. However, it was decided that the variations from 
the dosage of 1000 mg. per day, originally planned, did not matter. The large 
doses of iron caused no digestive disturbances, constipation or diarrhoea in any 
of the subjects. 

The subjects ate their ordinary food during this stage of the experiment. 
Duplicate portions were not collected for analysis, but during one week al] the 
food eaten was weighed and the amount of iron in it calculated from food 
analyses made in this department [McCance & Shipp, 1933; McCance et al. 1936; 
Abrahams & Widdowson, 1937]. An allowance was then made for the average 
daily intake of iron in the food. 

Urines were not collected throughout the whole period to avoid placing 
unnecessary restrictions on the voluntary subjects. One 24 hr. urine, however, 
was collected each week and analysed for iron. In this way an approximate figure 
for the urinary output of iron throughout stage 2 was obtained. It was con- 
sidered that these approximations with regard to food and urine were fully 
justified in the light of the relatively huge quantities of iron given medicinally by 
mouth and recovered in the faeces. 

In work of this sort it is essential to deal with the faeces in an absolutely 
quantitative way since any conclusions about iron absorption must be based upon 
small differences between large amounts, and losses of any kind increase the 
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apparent absorption. Accordingly, the faeces were passed into the counterpoised 
glass bowls as before, beginning on the day following the first dose of iron, and 
collections were made in the same bowl for 3-7 days. Used toilet paper was 
burnt and the ashes mixed with the faeces. The stools were treated with nitric 
acid and sampled for analysis as in stages 1 and 3. After dry ashing, the residue 
was treated with 10 ml. conc. HCI and heated for some hours on a sand-bath. 
A slight modification was introduced into the method of extracting the ash since 
such large amounts of iron were present. The ash was boiled twice with 10 ml. of 
cone. HCl and the extracts filtered through an iron-free filter-paper into a 
200 ml. flask. Subsequent extractions were made with boiling water up to near 
the 200 ml. mark. Re-ashing of the filter paper was found to be unnecessary. 

The method chosen for the determination of the iron was that of Klumpp 
[1934] which has been used and recommended by Brock & Hunter [1937]. The 
method, which depends upon the oxidation of titanium salts, was tested carefully 
on standard solutions and found to be satisfactory. Some ash extracts, parti- 
cularly those belonging to the terminal periods of stage 2 (vide infra), were also 
determined colorimetrically by thiolacetic acid after suitable dilution and the 
results obtained by the two methods agreed very well. In this, as in all stages of 
the experiment, excellent duplicates were always obtained between the 30 g. 
faecal aliquots, indicating that the faeces had been satisfactorily emulsified. 

The Whitsun-Coronation holidays came in the middle of stage 2 2, and 3 of the 
subjects collected no faeces for 6 days. In assessing the total iron retained by 
these subjects, the output for these 6 days has been averaged from the preceding 
and following weeks. H. M.S. collected throughout without a break. 

Of the two women subjects taking partin this investigation only one, H. M. S., 
was menstruating regularly. The preliminary and final balance studies were 
made when she was not menstruating, but two menstrual periods occurred during 
the time she was taking the iron preparation. Quantitative collections of the 
menstrual loss were made and the acid digestion method described by Leverton 
& Roberts [1937] was used to obtain a uniform sample. Aliquots of the acid 
digest were dried and then dry ashed and the iron extracted and estimated by 
thiolacetic acid in the manner already described. Blank determinations on the 
sanitary towels were carried out and an allowance made for the iron found in 
them in the calculation of the results. The losses were 18-6 and 19-0 mg. of iron 
during the first and second periods sonpoctiy ely. M. M. did not menstruate in the 
course of the investigation. 


Results 


(a) Preliminary balances at low iron intakes (stage 1). The experimental 
diets were administered for 4 days before any collections were made. The results 
of the balance periods of 7 days (14 days in the case of H. M.S.) are shown in 
Table I. The variations in intake from one subject to another are due to indi- 
vidual differences in appetite. It is clear that the subjects were all approximately 
in “iron balance” and it was concluded therefrom that they were all suitable 
subjects for this investigation. 

(b) Iron balances during and for 10-14 days following the administration of 
large doses of iron (stage 2). The results are shown in Table II and consist for each 
subject in a prolonged period of high iron intake, followed by three, or in the 
case of A. W. H. four, short periods during which no medicinal iron was taken 
by mouth. The reduced food intake of iron shown by all the subjects during the 
last of these short periods was due to the fact that at this point they were 
placed upon low iron intakes in preparation for the final balance studies (stage 3). 
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All four subjects were in positive iron balance and showed net absorptions of 
1-51-5-03 g. of iron—very large amounts, considering the total amount of iron 
likely to be present in the body. It is important also to note that during the 
short after-periods there was a more or less rapid diminution in the excretion of 
iron so that by the last short period the subjects were actually or approximately 
in balance. In the light of the results to be described in stage 3 the negative 


Table I. Preliminary iron balances 








No. of Fe excretion mg. 
exp. Feintake = — — - Balance 
Subject Date days mg. Urine Faeces Total mg. 
A. Wi. 18-24 Mar. 7 50-2 2-8 49-0 51:8 —1-6 
R. J. M. 18-24 Mar. 7 60-2 2-7 59-5 62-2 —2-0 
M. M. 18-24 Mar. 7 44-2 1-9 40-4 42-3 +19 
H. M.S. 18-31 Mar. 14 109-3 6-0 105-4 111-4 —2-1 


Table Il. The effect of a high intake of iron upon the balances 








Tron intake (mg.) Tron output (mg.) 
No.of - - 
exp. Food Urine Balance | 
Subject Date days (approx.) Medicine Total (approx.) Faeces Total mg. 
A.W.H. 7 Apr.—22 May 46 932 60,500 61,432 19 55,600 55,619 +5,813 
22-25 May 3 61 0 61 1 2,550 2,551 — 2,490 
26-28 May 3 61 0 61 1 237 238 - 177 
29 May-1 June 4 40 0 40 2 141 143 — 103 
2-6 June 5 44 0 44 2 42 44 = 0 
1,138 60,500 61,638 25 58,570 58,595 + 3,043 
R.J.M. 7 Apr.—22 May 46 920 44,400 45,320 21 43,500 43,520 +1,799 
22-25 May 3 60 0 60 1 137 138 - 8 
26-28 May 3 60 0 60 1 68 69 - 9 
29 May-1 June + 40 0 40 2 43 45 - 5 
1,080 44,400 45,480 25 43,748 43,773 +1,707 { 
M. M. 7 Apr.22 May 46 452 44.400 44,852 14 42,400 42,414 + 2,436 ! 
23-25 May 3 30 0 30 1 910 911 — 881 
26-28 May 3 30 0 30 1 62 63 - 33 
29 May-1 June 4 20 0 20 1 33 34 - 14 








532 44,400 44,932 17 43,405 43,422 +1,510 


H.M.S. 17 Apr.22May 36 382 49,000 49,382 12 43,590 43,638*  +5,744 
22-25 May 3 32 0 32 1 668 669 — 637 
26-28 May 3 32 0 32 1 79 80 - 48 
29 May-1 June 4 20 0 20 1 47 48 - 28 





466 49,000 49,466 15 44,384 44,435 +5,031 


* Includes losses of 18-6 and 19 mg. of iron during two menstrual periods. 


Table III. Final iron balances 


No. of Fe excretion mg. 
exp. Fe intake SE EEE Balance 
Subject Date days mg. Urine —_ Faeces Total mg. 
A. W. H. 7-15 June 9 70-1 3:3 60-5 63-8 +63 } 
R. J. M. 2-12 June ll 100-8 4-9 92-2 97-1 +3°7 
M. M. 2-12 June 1] 70-8 2-8 64-1 66-9 +39 
H. M.S. 2-11 June 10 79-6 4:3 67-1 71-4 +8-2 


balances observed during these periods were probably due to the excretion of 
unabsorbed iron and this is borne out by the fact that A.W. H., who was habitually 
more constipated than the others, showed the largest ‘“‘delayed” excretion. 
These results are a confirmation of those of Brock & Hunter [1937] and of Fowler 
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& Barer [1937], who have both found that iron was absorbed and retained when 
large amounts were given by mouth. The percentage retention was considerably 
larger in Fowler & Barer’s cases than in the present series, but in essentials the 
results are the same. It is of some interest in this connection to point out that 
A. W. H. and H. M. S., who took the saccharated ferrous carbonate preparation, 
absorbed and retained considerably more iron than either of the other two 
subjects, R. J. M. and M. M., who took the ferric ammonium citrate. It is not the 
purpose of the present article to discuss the relative merits of different iron 
preparations, but in this study at any rate the ferrous preparation was absorbed 
more readily than the ferric. 

(c) Final balance studies (stage 3). The last 4 days of stage 2 served as the 
preliminary periods for the two balance studies of 4-6 days which taken together 
constituted stage 3. The results are shown in Table III. All four subjects were 
in slightly positive iron balance. 

Discussion 

So far as the balances are concerned, the results on all four subjects are 
essentially the same so that they can be discussed as one. The crux of the whole 
matter is the failure to find negative balances in stage 3, following the absorption 
and retention of large quantities of iron during stage 2. The additional iron forced 
into the body during stage 2 was unwanted (if the preliminary balances in stage 1 
are taken at their face value). Yet there were no signs of its being excreted during 
stage 3. Why not? Presumably because neither the intestine nor the kidney 
had any power to do so. It is concluded therefore that these results support the 
contention [McCance & Widdowson, 1937, 2] that the intestine has no power to 
regulate the amount of iron in the body by varying the amount excreted, and 
that in fact the intestine normally excretes little or no iron. The amount in the 
body must in consequence be regulated by the amount absorbed. 


Haemoglobin % (Haldane) 


Period of iron administration 
10 20 30 40 50 60 70 80 90 100 
Days 





Fig. 1. Haemoglobin levels. N.B. H. M. S. did not commence to take iron until day 10. 


Ss 


Haemoglobin levels. Haemoglobin determinations were made in duplicate on 
each of the subjects during the experiment. The Haldane method was used in 
which 100 % is equivalent to 13-8 g. of haemoglobin per 100 ml. of blood. The 
results are shown graphically in Fig. 1, the initial level being the mean of several 
determinations in each case. It will be noted: (a) That the haemoglobin levels 
of R. J. M. and M. M. underwent no change in spite of the large quantities 
of iron absorbed. Initially, M. M.’s haemoglobin was unusually high for a 
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woman, possibly to be connected with the fact that she was not menstruating. 
(6) A. W. H.’s haemoglobin, which was 116% at the beginning, rose about 10% 
during the administration of iron. This was an unexpected and possibly ex- 
ceptional response [Widdowson & McCance, 1936]. The level did not fall during 
the subsequent few weeks but reverted almost to its original level after about 
4 months. (c) H. M. S.’s haemoglobin was only 84%, when the experiment began. 
This was rather low even for a woman and it was expected [Widdowson & 
McCance, 1936] that it would rise following the administration of iron. It did so, 
rising to 101%, but fell again when the administration of iron was stopped, in 
spite of the fact that the subject had meantime stored away in her body 5 g. of 
additional iron—more than enough to double the haemoglobin of her blood. 
This is of great interest. One would not have expected this subject’s haemo- 
globin to have fallen back as it did if its level had initially been low because of a 
simple iron deficiency, for the iron absorbed in this experiment ought to have 
satisfied the demands of this subject’s body for the rest of its life. The matter is 
being further investigated for it is clearly most important to know more about 
what controls the haemoglobin level of the blood. 


SUMMARY 


1. Two men and two women were placed upon diets containing 7-9 mg. of 
iron per day and were found to be in iron balance. 

2. The same subjects were then given large doses of iron by mouth (about 
1000 mg. per day). Positive balances were obtained in every case and, after 
discontinuing the iron but allowing time for the excretion of the unabsorbed 
metal from the gut, net absorptions of 1-5-5 g. of iron were registered. 

3. Immediately after absorbing these large amounts of iron the subjects were 
again found to be in iron equilibrium on low iron intakes. This supports the view 
that the body has little or no capacity for excreting iron. 

4. In one female subject the haemoglobin rose from 84°% (Haldane) to 
101 % during the administration of the large doses of iron but fell again after- 


wards to its original level. 


The authors are very grateful to the four subjects for their steady co- 
operation in a rather laborious experiment. They have also to thank Miss Masters 
for carrying out some of the iron determinations and Miss Verdon-Roe for 
superintending the diets. One of them (E. M. W.) is indebted to the Medical 
Research Council for a part time grant. 
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A KNOWLEDGE of the level of urea in the blood is of considerable practical 
importance in various diseases and numerous methods have been suggested 
for its estimation [Van Slyke & Cullen, 1916; Folin & Wu, 1919; Mirkin, 1922; 
Taylor & Blair, 1932; Kay & Sheehan, 1934; Peskett, 1934; Taylor & Adams, 
1935]. Within recent years micro-methods, which can be applied to 0-2 ml. of 
blood, have been devised. Several of these depend upon the hydrolysis of the 
urea with urease and the subsequent estimation of the ammonia [Archer & 
Robb, 1925; Conway, 1933; Barrett, 1935], or of the carbon dioxide [Peters & 
Van Slyke, 1932]. Other methods are based upon the fact that urea forms, with 
xanthydrol, a water-insoluble compound, dixanthylurea [Beattie, 1928; Yoshi- 
matsu, 1929; Allen & Luck, 1929; Cuny & Robert, 1932]. This compound dissolves 
in sulphuric acid to give a yellow solution. Under standard conditions the pre- 
cipitation is quantitative, and the colour produced with sulphuric acid is 
proportional to the amount of dixanthylurea present. This colour may be 
matched directly against that produced from a standard urea solution treated in 
the same way [Beattie, 1928], or Folin’s phenol reagent may be added to the 
sulphuric acid solution and the blue solution obtained determined colorimetrically 
[Yoshimatsu, 1929]. Allen & Luck [1929] and Cuny & Robert [1932] recommend 
the oxidation of the dixanthylurea precipitate with potassium dichromate and 
titration of excess dichromate with thiosulphate. 


A MODIFICATION OF THE XANTHYDROL METHOD 


During the course of an investigation on human salt deficiency, which was 
being carried out in this laboratory [McCance, 1936], accurate estimations of the 
urea in blood and also in urine were required. Since xanthydrol is said to be 
a specific precipitant for urea, it was decided to make use of this reaction for the 
purpose. A technique was finally devised, which is a modification of Beattie’s 
[1928] method, and which has been found satisfactory for all purposes. Blood 
ureas varying from 10 to 500 mg. per 100 ml. may be determined accurately 
without changing the conditions. 

Reagents. 

10% sodium tungstate. 

2/3 N sulphuric acid. 


Glacial acetic acid. 
5% solution of xanthydrol in methyl alcohol. This solution should be 


filtered to remove any insoluble material and should be kept in a dark bottle. 
Methyl alcohol saturated with dixanthylurea. (Solution A, v. infra.) 
Methyl alcohol-water mixture (3:1) saturated with dixanthylurea. (Solu- 
tion B, v. infra.) 
50% sulphuric acid (by volume). 
( 2035 ) 
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Standard urea solution, 6mg. per 100 ml. This is prepared from a stock 
standard solution of 0-6% urea. Both urea solutions should be kept under 
toluene. 

Preparation of solutions A and B. In each of four 50 ml. centrifuge tubes 
are placed 5 ml. of a solution of urea containing about 12 mg. of urea per 100 ml., 
5 ml. of glacial acetic acid are added and 1 ml. of a 5 % solution of xanthydrol in 
methyl alcohol. The mixture is stirred and allowed to stand for 30 min. 20 ml. 
of methyl alcohol are then added and, after stirring, the tube is centrifuged and 
the supernatant liquid poured off. The precipitate is washed with 20 ml. of 
methyl alcohol, which is again removed by decantation after centrifuging. The 
precipitate obtained should be sufficient to saturate 1000 ml. of both solutions. 
It should be allowed to stand in contact with the methyl alcohol or methyl 
alcohol-water mixture overnight and then filtered. 

Method. Duplicate samples of 0-2 ml. of blood are diluted with 1-4 ml. of 
water. 0-2 ml. of sodium tungstate and 0-2 ml. of 2/3 N sulphuric acid are added 
to precipitate the proteins, which are then removed by centrifuging. 1 ml. of the 
supernatant 1 in 10 blood filtrate is placed in a 15 ml. conical centrifuge tube 
together with 1 ml. of glacial acetic acid and the mixture stirred with a thin 
glass rod. Then 0-2 ml. of a 5% solution of xanthydrol in methyl alcohol is added 
directly into the solution (not down the side of the tube), the mixture stirred and 
left to stand for about 10 min. A white precipitate forms slowly, which floc- 
culates on further stirring. The tubes are left to stand overnight in the ice-chest 
to complete the precipitation. 4 ml. of solution A are added, the mixture stirred, 
centrifuged and the supernatant liquid poured off. The precipitate is washed by 
stirring with 4 ml. of solution B, the tube again centrifuged and the supernatant 
liquid poured off. It is essential that solutions A and B should be run in round 
the sides of the tube so that these are washed free from any xanthydrol that may 
inadvertently have been dropped there. Xanthydrol itself gives a yellow colour 
with sulphuric acid. 

The precipitate is dissolved in a measured volume (2-10 ml.) of 50% 
sulphuric acid, so that the colour produced corresponds closely with that 
obtained by treating 1 ml. of the standard urea solution (6 mg. per 100 ml.) with 
glacial acetic acid and xanthydrol exactly as described above and dissolving the 
washed precipitate in 8 ml. of 50% sulphuric acid. For high blood ureas the 
unknown solutions need further dilution with 50% sulphuric acid. The unknown 
is compared with the standard in a colorimeter. 

Calculation. 


Steotert venting iti Volume of acid added (ml.) _ mg. urea per 200 ond. Mood. 
Unknown reading 8 


Discussion of the xanthydrol method 


Reason for the addition of methyl alcohol to the mixture before centrifuging. The 
precipitate of dixanthylurea is very light and tends to float on the top of the 
liquid. It was found impossible to centrifuge it down to the bottom of the tube 
unless the specific gravity of the liquid was first reduced by the addition of 
methyl alcohol. Other workers with this method do not appear to have en- 
countered this difficulty [Allen & Luck, 1929; Yoshimatsu, 1929]. 

Reason for the addition of water to solution B. It was found by experience that 
the addition of water to the methyl alcohol (solution B) greatly facilitated the 
centrifuging of the washed precipitate. The addition did not interfere in any way 
with the accuracy of the method (vide infra) and was therefore adopted. 


a 
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Solubility of the precipitate in methyl alcohol. Dixanthylurea is slightly soluble 
in methyl alcohol, and this constitutes an important potential source of error. 
The solubility of the precipitate in methyl alcohol was demonstrated on standard 
solutions of urea containing 1-12 mg. per 100 ml. Precipitation was carried out 
as described above, but 4 ml. of methyl alcohol were added before the first 
centrifuging, and 4 ml. of methyl alcohol were used to wash the precipitate. In 
some cases the precipitate was washed once, in others twice and in others three 
times with 4 ml. of methyl alcohol on each occasion. The precipitate was dis- 
solved in 50% sulphuric acid, and the colour compared against that given by a 
standard urea solution (6 mg. per 100 ml.), treated as described on p. 2036. The 
results are shown in Fig. 1. It will be observed that for solutions containing 
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to blood urea values 


Fig. 1. Solubility of dixanthylurea in methyl alcohol. 


6 mg. of urea per 100 ml. (corresponding to a blood urea of 60 mg. per 100 ml.) 
and above, 100% recoveries were obtained when the precipitate was washed 
once with methyl alcohol. For all weaker solutions the recoveries were less, and 
with solutions containing 1 mg. per 100 ml. (corresponding to a blood urea of 
10 mg. per 100 ml.) not more than 10% could be recovered. Each washing 
caused a further loss of precipitate, indicating that significant amounts of the 
dixanthylurea were dissolving in the methyl alcohol. 

In the method described on p. 2036 errors due to the solubility of the pre- 
cipitate in methyl alcohol are avoided by the use of solutions A and B saturated 
with dixanthylurea. 

Completeness of precipitation. Effects of temperature and time of standing. 
Standard urea solutions of different concentrations (1-12 mg. per 100 ml.) were 
estimated after allowing precipitation to continue for varying lengths of time, 
both at room temperature and in the ice-chest (5°), the special solutions A and B 
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being used throughout. All were matched against a standard urea solution 
(6 mg. per 100 ml.) as before. The results, which are the average of duplicate 
determinations, are shown in Table I. It is clear that for solutions containing 
5 mg. of urea per 100 ml. and above (corresponding to blood ureas of 50 mg. per 
100 ml. and above) 2 hr. at room temperature will ensure complete precipitation. 
The % recovery at room temperature for low concentrations depended very 
much on the actual temperature. For solutions containing 3 mg. of urea per 
100 ml. complete precipitation was obtained after 2 hr. in the ice-chest. For 
solutions containing 2 mg. per 100 ml. it was necessary to allow precipitation to 
continue overnight in the refrigerator, while for solutions containing 1 mg. per 
100 ml. 20 hr. or more were required. 


Table I. Effects of temperature and time of standing on the precipitation 
of urea by xanthydrol 


% recovered 








Urea solution* —_—__—'*— —_—_—_—— — 
used Room temp. Refrigerator Refrigerator Refrigerator 
mg. per 100ml. 2 hr. 2 hr. overnight 20 hr. 
1 7-5 57-4 80-4 102-0 
2 63-8 90-0 103-8 99-5 
3 95-3 100-5 103-5 102-0 
4 96-9 —_ 101-1 — 
4-8 99-1 — 99-9 _ 
6 99-6 99-5 100-0 101-2 
9 101-2 — 100-0 — 
12 103-5 _ 101-3 — 


* These concentrations correspond to blood urea levels ten times as great. 


Table II. Accuracy of the xanthydrol method at high concentrations 


c 


Urea solution* used Se 


mg. per 100 ml. recovered 
6 100-0 
12 100-5 
24 100-5 
48 99-4 
54 98-2 


* See note, Table I. 


Table III. Effect of other blood constituents on the estimation of urea by 


xanthydrol 
Concentration of* 
urea in mixture % 
mg. per 100 ml. recovered 
2 106-3 
3 99-2 
4:5 100-0 
6 99-5 
9 101-4 
12 100-6 


* See note, Table I. 


Since it is not often that blood ureas fall much below 20 mg. per 100 ml., 
precipitation overnight in the ice-chest has been adopted as the routine method. 
If accurate results are required at levels below this, it is necessary to increase the 
time allowed for precipitation. Prolonged standing does not appear to affect 
significantly the results at higher levels. 
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Range of the method. It has already been shown that urea solutions corre- 
sponding to blood ureas varying from 10 to 120 mg. per 100 ml. can be estimated 
satisfactorily by this method. Table II shows that stronger urea solutions, 
corresponding to blood urea levels up to 500 mg. per 100 ml. may also be deter- 
mined with equal accuracy. No adjustment in the method was found to be 
necessary at these high concentrations, and one standard only is required. After 
dissolving the larger precipitates in 8 or 10 ml. of 50% sulphuric acid, a known 
volume of this solution must be further diluted with sulphuric acid so that the 
final colour corresponds approximately with that of the standard solution. 

Similar results were obtained with blood. A sample of blood containing more 
than 500 mg. urea per 100 ml. was estimated as described on p. 2036. A second 
sample was diluted 1-4 before estimation. Exactly the same results were 
obtained with or without preliminary dilution of the blood. 

Permanence of standards. It was found that the solution of dixanthylurea in 
50% H,SO, would keep indefinitely without deterioration, provided that pre- 
cautions were taken to avoid contamination with any substance which would be 
charred by the sulphuric acid, causing a brown coloration in the solution. If a cork 
or stopper is placed in the mouth of the tube it is difficult to be certain that none 
of the acid ever comes in contact with the stopper, especially if the contents of the 
tube are frequently poured into the colorimeter cup and back into the tube again. 

In practice therefore it was found advisable to put up a fresh standard with 
each batch of determinations, but one or two old standards were generally kept 
as a precaution and check in case of emergency. 

Effect of other blood constituents. Samples of blood, diluted with water, were 
incubated with urease to remove the urea. The proteins were then precipitated 
with sodium tungstate and sulphuric acid and were removed by centrifuging. 
The dilution of the blood at this stage was 1 in 5 instead of the usual | in 10. 
Known volumes of these urea-free blood filtrates were mixed in duplicate with 
equal volumes of standard urea solutions, so that the final dilution of the blood 
was the same as that normally employed (1 in 10). 1 ml. samples of the mixture 
were then estimated as already described. The results, shown in Table III, 
indicate that the addition of blood filtrate does not interfere in any way with the 
accuracy of the method. Hence, it may be concluded that blood constituents 
other than urea have no effect on the xanthydrol method. 

The urea added to these blood filtrates and the urea in standard urea solutions 
could be estimated to within +3%. The error lies almost entirely in the 
colorimeter readings. . 


Application of the xanthydrol method to the estimation of urea in urine 


Throughout the work on NaCl metabolism, to which reference has already 
been made, the urea in both bloods and urines has been determined by the 
procedure described above. The dilution required for urines depends of course 
upon the concentration of the urine, but for normal urines the following table 


may be found useful. ay ries 
. Urine dilutions 


Volumes ml Dilution ml. 
Less than 1 0-5 — 200 
l- 2 1 +200 
2-4 1 +100 
4-8 2 +100 
8-16 4 +100 


1 ml. samples of the diluted urine are treated with glacial acetic acid and 
xanthydrol in the same manner as for blood filtrates. 
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A COMPARISON OF THE XANTHYDROL PROCEDURE WITH VARIOUS UREASE 
METHODS FOR THE MICRO-ESTIMATION OF BLOOD UREA 


The hydrolysis of urea to (NH,),CO, by the action of urease has been applied 
extensively to the quantitative micro-estimation of blood urea. Since the 
xanthydrol method had proved to be satisfactory for the determination of small 
amounts of urea, it was decided to compare it with two urease methods which 
have been in clinical use in this laboratory, and with another method involving 
urease for which a high degree of accuracy has been claimed. 


Urease-Nessler methods 


In these methods, a sample of blood is incubated with urease. After dilution 
of the blood the proteins are precipitated with tungstic acid, the precipitate 
removed and the ammonia in the filtrate estimated colorimetrically after 
nesslerization. A standard solution of an ammonium salt is used for com- 
parison. 

Methods based on this procedure have been shown by various workers to be 
full of pitfalls, though in actual practice a combination of compensating errors 
appears to give results which are sufficiently accurate for clinical purposes. 

Probably the chief difficulty in the original method [Archer & Robb, 1925] 
lies in the fact that a few minutes after nesslerization the unknown solutions 
become turbid, and this turbidity gradually increases. The cloudiness appears 
to be much greater with some blood filtrates than with others, and exactly the 
same phenomenon occurs with standard urea solutions which have been incu- 
bated with urease and treated with tungstic acid. Both urease and tungstic acid 
appear to be contributory causes. The standard ammonium solution, which has 
no reagents other than the Nessler’s solution added to it, does not become turbid, 
and if colorimeter readings are made after the turbidity has developed the 
unknown solutions appear to be far too strong. Various workers have devised 
means to overcome this difficulty. Barrett [1935] recommends the addition of 
citrate before nesslerization, and this is in fact quite effective in preventing any 
precipitation. Taylor & Blair [1932] used 1 drop of a specially prepared con- 
centrated urease extract, which was said to be completely removed with the 
protein precipitate. Shapiro [1934] tried various other protein precipitants but 
found none so satisfactory as tungstic acid. He found that if the urease can be 
completely removed, as in Taylor & Blair’s method, the formation of the turbidity 
is delayed, but he could discover no method of doing this when commercial urease 
was used. He concluded that the best plan was to carry out the colorimeter 
readings as rapidly as possible after nesslerization. 

A second difficulty in the direct nesslerization of blood filtrates has been 
pointed out by Barrett who states that other substances in the blood such as 
glucose and creatinine also give a yellow colour with Nessler’s solution. To 
eliminate this error he recommends the addition of hypochlorite solution to the 
Nessler reagent. 

A third source of error is that alcoholic urease, which is used in some methods, 
produces a decrease in colour intensity after nesslerization. Taylor & Blair 
recommend that alcoholic urease shall be added to the standard solution as well 
as to the unknown. Even so, the decrease in colour intensity may not be the same 
in the two solutions. 

A fourth difficulty was observed by Behre [1923], who showed that when 
whole blood was incubated with soya bean urease, the amount of urea estimated 
was partly determined by the amount of urease added, and that the “‘extra urea” 
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was derived from the interaction of some substance in the blood corpuscles with 
the urease. Anderson & Tompsett [1936] confirmed this observation, and con- 
sidered that arginase present in the corpuscles is responsible for producing 
ammonia from arginine in the urease preparations. These authors concluded 
that “‘when an accurate estimation is necessary, the variable error introduced 
by the action of blood arginase may be far greater than any experimental error”. 

In consideration of all these observations it is not surprising that the present 
investigation on the urease-Nessler technique sometimes gave results which 
were difficult to interpret. The method, however, is still frequently used for 
clinical work [Harrison, 1937], and it therefore seemed desirable to have some 
idea of its limitations. 


Archer & Robb’s method 


The particular method chosen for study was that devised by Archer & Robb 
[1925] with the following modifications. 0-3 ml. of urease suspension (instead of 
0-2 ml.) was added to the diluted blood and the mixture incubated in an oven at 
55° for 30min. Archer & Robb recommended incubation in a water-bath at 55° for 
15 min. 

Standard ammonium sulphate solutions, standard urea solutions, and 
samples of blood with known amounts of added urea were estimated in duplicate 
after incubation with urease and treatment with tungstic acid. 

The formation of the turbidity after nesslerization was confirmed, and the 
method adopted to overcome this was as follows. The standard solution was 
nesslerized immediately before matching. Actually, a slight error is introduced 
in this way, for the colour is not fully developed during the first few minutes, i.e. 
when the reading is made. This error, however, is of the order of 3%, whereas 
the turbidity may cause an error of 50% or more. It was found that a degree of 
turbidity which could not be detected without careful inspection of the tubes 
caused considerable error in the colorimeter readings. 

It has been suggested that this turbidity is technical in origin and may be 
due to the presence of traces of acetone or other interfering substances on the 
glassware. Contamination of the blood with acetone certainly causes increased 
turbidity, but small amounts of acetone added to filtrates after nesslerizing do not 
produce a precipitate, but decolorize the solution. Every precaution has been 
taken to avoid contamination, and it is certain that the cloudiness must have 
some other explanation. It seems more likely that the Nessler’s solution may be 
the chief cause of the trouble, for it was found that more turbidity was produced 
with some preparations than with others. In no case however was it entirely 
absent. 

A further source of error was found to be due to the fact that with bloods of 
low urea concentration, the tint of the unknown solution after nesslerization is 
different from that of the standard. With more concentrated urea solutions the 
greater intensity of the colour appears to mask the difference in shade. 

Estimations of standard solutions of ammonia and urea by Archer & Robb’s 
method gave variable and contradictory results, even when precautions were 
taken to avoid turbidity in the solutions when the colorimeter readings were 
made. The amounts of sodium tungstate and sulphuric acid added to ammonia 
and urea solutions after incubation were 1/10 of the amounts employed for blood 
samples, since there were no proteins present to be precipitated, and an excess of 
tungstic acid caused an enormous increase in turbidity after nesslerization. 

It was found quite impossible, under the conditions employed, to recover 
quantitatively urea or even ammonium salts added to blood (see Table IV). 
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Table IV. Archer & Robb’s method. The addition of standard solutions 
to blood 


Material added 





a ‘ 
Sample of Amount % of added 
blood used Urea or ammonia mg. per 100 ml. material recovered 
1 (NH,),SO, 25 92-8 
1 o 50 80-3 
1 “ 100 83-4 
2 os 25 91-5 
2 * 50 86-0 
2 = 100 85-3 
3 Urea 40 83-8 
4 2 20 88-0 
5 % 25 80-0 
6 os 40 86-3 


Table V. Incomplete hydrolysis of urea by urease at high concentrations 


Urea found 


mg. per 100 ml. 
Blood estimated by the xanthydrol method 535 
Same blood estimated by Archer & Robb’s method 364 
Archer & Robb filtrate from above estimated by the xanthydrol method 180 


Total recovered 544 


Some workers, using slightly different techniques, appear to have obtained 
satisfactory recoveries of urea and ammonia [Taylor & Blair, 1932; Eveleth, 
1934]. No explanation of this can be offered, but the result was consistently 
obtained. 

Another disadvantage of Archer & Robb’s method as used in this investiga- 
tion is the danger that for blood, or urea solutions containing more than about 
150 mg. of urea per 100 ml. the amount of urease added may be insufficient within 
the time of incubation for the complete conversion of the urea into ammonia. 
Thus, low results were usually obtained at these high levels. 

A sample of blood containing over 500 mg. of urea per 100 ml. was estimated 
by both the xanthydrol and Archer & Robb’s methods. A portion of the Archer & 
Robb filtrate, after incubation with urease and precipitation of the proteins, was 
treated with acetic acid and xanthydrol. A precipitate of dixanthylurea formed 
and this was estimated quantitatively. It will be seen from Table V that 
incubation of this blood with urease resulted in incomplete hydrolysis of the urea, 
and that the unhydrolysed urea was quantitatively recovered with xanthydrol. 


Barrett's modification of Archer & Robb’s method 


Estimations were also carried out by Barrett’s [1935] modification of Archer & 
Robb’s technique. This method has the great advantage of preventing turbidity 
in the nesslerized solutions, and on these grounds alone it is recommended to all 
those using urease-Nessler methods. 

Estimations on standard ammonia and urea solutions gave results which 
were consistently 90-95 °/, of the theoretical value. These low values are possibly 
explained by a fading of colour caused by the alcoholic urease as suggested by 
Taylor & Blair [1932]. Recoveries of urea added to blood were usually of the 
order of 75-85%. Turbidity in the nesslerized solution, or the presence of 
reducing substances in the blood will not account, therefore, for the low 
recoveries noted in Archer & Robb’s method. 
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Conway’s method 


Conway’s method [Conway & Byrne, 1933] for the micro-determination 
of ammonia can be used for the estimation of urea after incubation with urease 
[Conway, 1933]. This method was accordingly applied to standard ammonia 
solutions, standard urea solutions and blood with standard urea solutions added. 

Once the technique of the special units had been acquired, the method gave 
good duplicates, quantitative analyses of standard solutions of both ammonia 
and urea and quantitative recovery of urea added to blood. This confirms Con- 
way’s observations. For weak solutions the titration error, which is constant, 
becomes considerably more significant, and the results are less reliable. The 


Table VI. Accuracy of Conway’s method 


Concentration of urea 


or ammonia used % 


/o 
Material used mg. per 100 ml. recovered 
Standard (NH,),SO, 50 99-5 
Standard urea 20 102-0 
Standard urea 90 98-6 
Blood (a) + urea 100 99-6 
Blood (5) + urea 100 101-2 


“‘blank”’ which was found to vary somewhat with the age of the urease was 
determined with each batch of estimations. It was also found advisable to make 
a fresh dilution of the indicator fairly frequently since it deteriorated on standing. 
The chief disadvantage of Conway’s method for clinical purposes is that for 
blood urea levels higher than 100 mg. per 100 ml. a preliminary dilution of the 
blood must be made. If therefore a blood is not suspected to be of high urea 
concentration a repetition of the estimation on a diluted sample may be necessary. 
Typical results obtained by this method are shown in Table VI. The figures given 
are the means of duplicate or triplicate estimations. 


ESTIMATIONS OF UREA IN A SERIES OF BLOOD SAMPLES BY EACH OF THE 
METHODS DESCRIBED 


Table VII shows the results obtained upon a series of 18 different blood 
samples of varying urea concentration when analysed by each of the methods 
investigated. Plasmas corresponding to three of the bloods were also determined. 

As has already been shown, Archer & Robb’s method has a number of 
possible sources of error, and most of these tend to give results which are too 
high. It is probable that, in the hands of workers who were unaware of its 
limitations and difficulties, results obtained by this method would have been 
much higher than those obtained in the present investigation. Even here, where 
precautions were taken to avoid turbidity in the nesslerized solutions, all 
samples containing 60 mg. of urea per 100 ml. or less give values by Archer & 
Robb’s method which are higher than those obtained by the xanthydrol or 
Conway technique and in most cases higher than those by Barrett’s method 
also. For blood ureas above 60 mg. per 100 ml. this tendency to high results by 
Archer & Robb’s method is not so noticeable, and for blood ureas above 150 mg. 
per 100 ml. the incompleteness of hydrolysis of the urea by both Archer & Robb’s 
and Barrett’s methods becomes apparent and the results are too low. 

The values obtained for high blood ureas by Conway’s method are not too 
low because the blood samples were diluted till their urea contents were less than 
100 mg. per 100 ml. before the addition of urease. 
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Table VII. Estimations of urea in a series of blood samples by four different 


methods 
mg. per 100 ml. 

Blood no. Xanthydrol Archer & Robb Barrett Conway 
1 17-3 20-0 16-2 15-3 
2 18-3 19-1 17-5 17-0 
3 26-3 29-3 31-0 28-0 
+ 29-2 35-3 27-2 31-4 
5 28-0 34-6 31-1 30°7 
6 29-5 32-5 34-0 28-0 
6 (plasma) 31-0 33-5 37-0 32-8 
7 34-6 38-1 32-5 32-0 
8 39-1 41-2 41-9 _ 
9 38-6 44-0 41-2 37°3 

10 55-6 60-7 54-5 53-9 
11 71-6 69-7 67:3 70-8 
12 104 104 108 103 
13 110 104 107 111 
13 (plasma) 114 100 108 118 
14 114 116 110 115 
15 159 142 156 160 
16 188 170 178 186 
16 (plasma) 191 178 188 190 
17 236 182 188 224 
18 535 379 337 — 


A comparison of the results obtained by the xanthydrol and Conway 
methods shows that generally speaking the agreement is fairly close. The per- 
centage differences are much greater at low than at high values. This is probably 
due to the greater error in Conway’s method at low levels. 

In considering the relative advantages and disadvantages of these four 
methods, it is clear that Archer & Robb’s, while giving satisfactory results under 
the conditions employed in the present investigation, is a dangerous method in 
that it may give very inaccurate values unless those working with it are fully 
alive to the necessity for matching the colours within a minute or two of 
nesslerizing the blood filtrate. 

Barrett’s modification is a great improvement on the original method, is 
rapid, relatively simple to operate, and gives more accurate results for bloods 
in spite of the low recoveries on standard solutions. It is the method to be 
recommended for clinical work. 

Both these methods may give low results with very high blood ureas, and the 
figure at which they become inaccurate will vary with the conditions employed 
by the individual worker. In Conway’s method there is no danger of obtaining 
falsely low results at high levels because it is obvious whenever the range has 
been exceeded. For clinical purposes, however, it is unsatisfactory to use a 
method with such a limited range, and requiring such special technique. 

The xanthydrol method has the following points to recommend it: 

(1) It can be used for both bloods and urines. 

(2) The reaction is specific for urea, and moreover, ammonia does not inter- 
fere with the determination. 

(3) It can be used for blood containing fluoride. 

(4) The method has a very wide range, and one standard only is necessary. 

For research purposes, especially where urea clearances are involved, the 
xanthydrol method is to be preferred ; but it is slower than Barrett’s method and 
is therefore less suitable for routine hospital work. 
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SUMMARY 


1. A method is described for the estimation of urea in 0-2 ml. of blood. The 
urea is precipitated with xanthydrol and the dixanthylurea precipitate estimated 
colorimetrically. 

2. Blood ureas varying from 10 to 500 mg. per 100 ml. may be estimated to 
within +3°% without altering the conditions. Urea in urine, suitably diluted, 
may be determined by exactly the same technique. 

3. Three methods depending upon the use of urease have been studied, and 
their relative advantages and disadvantages discussed. 

4. A series of 18 blood samples of varying urea concentration have been 
analysed by all four methods and the results compared. 


The authors wish to express their thanks to Dr R. A. McCance for his helpful 
criticism and suggestions. They are indebted to the Medical Research Council for 


personal grants. 
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With phosphomolybdic acid 8-hydroxyquinoline forms a salt (C,H,ON),. 
H,[P(Mo,0,),].2H,O, which is highly insoluble at a mildly acid reaction [Berg, 
1935]. The salt is formed as a bulky precipitate which is easily washed and 
isolated. It is readily soluble in alkali. The 8-hydroxyquinoline is easily deter- 
mined colorimetrically by the phenol method of Folin & Ciocalteu [1927]. This 
method furnishes a very convenient and accurate procedure for the estimation of 
substances having a phenolic hydroxyl group. Three molecules of 8-hydroxy- 
quinoline are precipitated for each atom of phosphorus. The quinoline gives a 
very intense blue colour with the phenol reagent. Approximately 5-10 times 
as much blue colour is obtained with the quinoline in the precipitate from a 
given amount of phosphate by the phenol method, as is got with the same 
amount of phosphate in the phosphate methods currently in use. 


SOLUTIONS REQUIRED 


Stock standard phosphate. A stock solution is made by dissolving 2-194 g. 
of pure KH,PO, in 500 ml. in water. This solution contains 1 mg. P per ml. 

Dilute standard phosphate. A standard solution containing 2y P per ml. is 
made by diluting 2 ml. of the stock solution to 1 litre with water. Both solutions 
should be kept saturated with chloroform to prevent bacterial growth. 

8-Hydroxyquinoline molybdate solution. Berg’s [1935] ‘‘oxin-molybdate” 
solution is made by dissolving 0-8 g. 8-hydroxyquinoline and 4-2 g. ammonium 
molybdate separately in 5 N HCl, mixing and making to 100 ml. 

N/10 sodium hydroxide. 

Folin and Ciocalteu [1927] phenol reagent. 50 g. sodium tungstate and 12-5 g. 
sodium molybdate are dissolved in 350 ml. of water together with 25 ml. of 
85% phosphoric acid and 50 ml. of concentrated HCl. The mixture is boiled 
under a reflux condenser for 10 hr. 75 g. lithium sulphate and 25 ml. of water 
are added and a few drops of liquid bromine. The mixture is boiled gently 
without the reflux for 15 min. to remove excess bromine. It is then cooled, 
diluted to 500 ml. and filtered if not perfectly clear. The solution should be 
preserved in a glass-stoppered brown bottle. 

10°), sodium carbonate (Na,CO;) solution. 

20°), trichloroacetic acid. 

THE METHOD 

An amount of the phosphate-containing solution is carefully measured into a 
conical 15 ml. centrifuge tube and distilled water added to 5 ml. 1 ml. of oxin- 
molybdate solution is added and the mixture is shaken. The tube is then placed 

1 This reagent can be obtained from British Drug Houses. 
( 2046 ) 
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in a beaker of warm water at about 60° and left for 30 min., when the precipitate 
of 8-hydroxyquinolinephosphomolybdate is well flocculated. The tube is then 
spun in the centrifuge for 5 min. so that the precipitate is well packed in the 
bottom of the tube, and by careful decantation the supernatant fluid can be com- 
pletely separated from the precipitate. The tube is left inverted on filter-paper to 
drain for 5min. The lip of the tube is then wiped clean and the precipitate stirred 
up with 5 ml. of ice-cold water blown into the tube from a fine-tipped pipette. 
The final portion of the distilled water is allowed to run down the sides of the 
tube. The tube is immediately centrifuged and the supernatant carefully poured 
off as before. After a few minutes’ drainage on filter-paper the tube is wiped 
at the rim and the precipitate dissolved in 5 ml. N/10 sodium hydroxide. 0-5 ml. 
of Folin-Ciocalteu phenol reagent is added and 2ml. of the 10% sodium 
carbonate. After mixing, the coloured solution is placed in a beaker of warm 
water (about 40°) for 10 min. for the blue colour to develop. 


EXPERIMENTAL 


Proportionality of colour. Measured quantities of dilute phosphate standard, 
corresponding to amounts from 2-5 to 10y P, were treated in the above fashion. 
The coloured solution containing 5y was used as a standard against which the 
other solutions were read. The results were as follows: 

Taken 2-5 5-0 7-5 10-0 
Found 2-6 4-9 76 10-0 
(Figures represent y inorganic P.) 


Recovery of phosphate added to a trichloroacetic acid filtrate. Different amounts 
of phosphate standard were recoverable when added to trichloroacetic acid 
filtrates prepared from blood and other protein-containing liquids. A represen- 
tative experiment gave the following results: 


Taken Filtrate Filtrate + 5y Filtrate + 10y 
Found 2- 7-5 12-1 
Recovery 5-2 9-8 


Recovery of phosphate added to blood plasma. To 0-2 ml. of plasma were added 
different amounts of phosphate together with water to 2 ml. Trichloroacetic 
acid (2 ml.) was added to each tube and the mixtures shaken. They were 
filtered and 2 ml. of filtrate diluted to 5 ml. with water used for each test. Two 
such experiments gave the following results: 


Taken Plasma Plasma + 2-5y Plasma + 5y 
Found 4-8 73 9-9 
Recovery 2-5 5-1 
Taken Plasma Plasma + 7-5y Plasma + 10y 
Found 2-5 9-9 12-4 
Recovery 7-4 9-9 


Estimation of organic phosphate. A measured amount of a solution of an ester 
of phosphoric acid was placed in a conical 15 ml. centrifuge tube and digested 
with 0-2 ml. of 60% perchloric acid over a micro-burner. The tube was clamped 
in a slanting position and the flame of the burner applied a short distance above 
the bottom of the tube, so as to minimize the possibility of loss by bumping. The 
introduction of a fine glass rod with a small indentation at the lower end assured 
that even boiling took place. Destruction of the organic material was indicated 
by the mixture turning brown as it became more concentrated and then turning 
colourless after oxidation was complete. The tube was cooled and the stirring 
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rod washed off with about 3 ml. of water. The acid solution was neutralized by 
the addition of 2 ml. of N sodium hydroxide. The oxin-molybdate was added 
and the estimation carried through as described above. 

The results obtained corresponded very closely with the theoretical per- 
centage of phosphorus. 

Sodium glycerophosphate solution. 


P present P found 
10-0y 10-0y 
10-05 
Barium phenylphosphate (C,H,PO,Ba.2H,O) 
P theoretical P found 
8-98% 890% 
8-98% 
Barium ethylphosphate (C,H;PO,Ba.H,O) 
P theoretical P found 
11-11% 111% 
11-4% 


APPLICATION OF METHOD TO BLOOD ANALYSIS 


Inorganic phosphate. 0-1 ml. of blood obtained by finger or ear prick is 
washed into 5-4 ml. of distilled water. 2 ml. of trichloroacetic acid are added; 
the mixture is shaken and filtered on a fine paper. 5 ml. of the filtrate and 1 or 
2 ml. of the phosphate standard are placed in conical centrifuge tubes and the 
estimation carried out as above. 

Organic phosphate (from total acid-soluble phosphate). . 1-0 ml. of the above 
filtrate is digested with 0-2 ml. of perchloric acid until colourless. 

Results obtained for inorganic and for total acid-soluble phosphorus corre- 
sponded closely with those given by King’s [1932] modification of the Fiske & 
Subbarow [1925] method. ; 

SUMMARY 


A method for the determination of minute amounts of phosphate is described. 
Phospho-molybdic acid is precipitated as the salt of 8-hydroxyquinoline. Three 
molecules of the quinoline are precipitated for each atom of phosphorus. The 
quinoline in the precipitate gives a very intense blue colour with the phenol 


reagent. 
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THE rapidly growing literature on ‘“‘antihormones” contains little reference to 
the fractionation of antithyrotropic or antigonadotropic sera. Thompson [1937] 
states that the whole activity of antigonadotropic serum is contained in the 
pseudoglobulin fraction. He gives few details however and the question of the 
precise distribution of antihormonal activity in such sera remains undecided. 

The object of the present work was to make a general survey of serum 
fractions in relation to their antihormonal activity and to devise a method for 
the preparation of a stable concentrate of the active substance. 


I. Antithyrotropic sera 


Production and assay of sera. The antisera were obtained by the daily sub- 
cutaneous injection into adult rabbits of 25 mg. of an extract of ox anterior 
pituitary tissue (acetone-desiccated) prepared by extraction with 50% aqueous 
pyridine followed by precipitation of the solution with alcohol and ether; 4 mg. 
of this preparation given once daily to immature guinea-pigs of 200 g. body 
weight caused an average increase of about 35 mg. in the weight of the 
thyroid [cf. Rowlands & Parkes, 1934]. 

After the injections had been continued for ten weeks 2 ml. of the rabbit 
serum entirely inhibited the thyrotropic effect of the standard 4 mg. dose of 
anterior pituitary extract when simultaneously administered; after 16 weeks’ 
injections 1 ml. of serum was adequate. The various serum fractions were 
assayed by observation of the degree to which the response to the standard dose 
of thyrotropic hormone was inhibited by their simultaneous administration. 
Groups of five guinea-pigs were employed for each assay. 

Fractionations. Exp. 1. In the absence of all definite knowledge of the 
nature of the antihormone an orientating experiment was first carried out to 
determine its distribution between alcohol-soluble and alcohol-insoluble com- 
ponents of the serum. 80 ml. of serum were stirred into 400 ml. 95% alcohol 
and the mixture kept for 24hr. at room temperature; the precipitate was 
collected, re-extracted with 80% alcohol (200 ml.), separated, dried and sus- 
pended in 1% NaCl (80 ml.) (1 A). 

The combined extracts were freed from alcohol by distillation in vacuo (bath 
not over 50°) and the residue extracted repeatedly with benzene; the aqueous 
layer was freed from benzene by brief vacuum distillation and brought to 30 ml. 
(1 B) while the benzene extracts were evaporated and the residue taken up in 
20 ml. olive oil (1 C). 

Table I shows that this experiment entailed considerable loss of total activity, 
such of the latter as was left being mainly associated with the denatured protein 
precipitate (1 A). 

Exp. 2. Aliquot portions of a second batch of antithyrotropic serum diluted 
with an equal vol. of distilled water were precipitated with (NH,),SO, at 35 and 
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Table I. Effects of antithyrotropic serum and fractions thereof on response of 
guinea-pigs to 5 daily doses of 4 mg. standard thyrotropic extract 


‘ Equivalent Increase 
of original in weight 
serum given of thyroids 

Exp. no, Fraction ml, mg. 
1 -- 0 37 
Whole serum 1 1 

1 A; alcohol-insol. 2 9 

1B; alcohol-sol.—benzene-insol. 2 23 

1C; alcohol- and benzene-sol. 2 40 

2 — 0 37 
Whole serum 2 7 

2A; 35% sat. (NH,).SO, ppt. 2 1 

2B; 50% sat. (NH,).SO, ppt. 2 8 

2C; albumin 2 22 

2D; dilution ppt. 2 34 

2E; not pptd. by (NH,),SO, 2 33 

2F; whole serum dialysed 2 2 

3 Whole serum 2 0 
Whole serum 1 8 

3A; water-insol. globulin 2 36 

3B; CO,-pptd. globulin 2 14 

3C; pseudoglobulin 2 4 

3B and 3C 1 8 

4 Dried globulin (3B and 3C) 0-5 12 
5 Whole serum 1 1 
5A; total globulin 1 1 

5B; heat ppt. (aqueous) 1 28 

5C; mother liquor of 5B 1 31 

5D; pepsin-digested 1 30 

5E; acid-treated (control of 5D) 1 26 

5F; heat ppt. (alcoholic) 1 33 

5G; mother liquor of 5F 1 32 

5L; alcohol-ether mother liquor 1 25 

1 5 


5M; alcohol-ether ppt. 


50% saturation; each precipitate was collected, redissolved in water and 
dialysed until free from (NH,),SO,, the volume of the final solution being made 
equal to that of the original serum and NaCl being added to 0-9% (2A and 
2B). The mother liquor from the 50% (NH,),SO, precipitation was saturated 
with solid (NH,),SO, and the precipitate similarly treated (2C). 

A further portion of serum was diluted with distilled water (7-5 vol.) and the 
solution saturated with CO,; after keeping overnight at 0° the precipitate was 
collected, washed with CO,-saturated water and dissolved in 0-9 % NaCl (2 D). 
The mother liquor from 2C was freed from (NH,),SO, by dialysis and con- 
centrated in vacuo (2 E). 

Finally 65 ml. of original serum were dialysed against running tap water for 
24 hr., treated with NaCl to 0-9 % and adjusted to 75 ml. (2 F). 

It appears from this experiment (see Table I) that antithyrotropic activity 
is associated with pseudoglobulin (activity of 2A and 2B), but scarcely at all 
with albumin (inactivity of 2C) or euglobulin (2D); the active substance is 
completely precipitated by (NH,),SO, (2 E) and is non-dialysable (2 F). 

Exp. 3. Total globulin was prepared as in Exp. 2; the small precipitate 
which separated on dialysis against distilled water at 0° was collected and dis- 
solved in 0-9 % NaCl (3 A); a further (gummy) precipitate obtained by saturation 
of the mother liquor from 3 A was similarly collected (3 B) ; pseudoglobulin was re- 
precipitated from the mother liquor of 3 B by half-saturation with (NH,),SO, (3C). 
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As may be seen from Table I the antithyrotropic activity is again associated 
with the globulin and particularly with the pseudoglobulin (3C). 

Exp. 4. The residues remaining from 3B and 3C after physiological test were 
combined and evaporated to dryness in a vacuum desiccator, first over H,SO, 
and then over P,O;. The organic matter of the residue represented about 2% of 
the original serum, and the dry preparation retained its full activity; moreover, 
it has remained fully active for a year since its preparation. 

Exp. 5. Total globulin was prepared as before from a batch of 880 ml. of 
antithyrotropic serum. An aliquot of the solution having been reserved (5A) 
further portions were treated as follows: 5B, 60 ml. adjusted to pH 5-7, heated 
at 80-85° for 30 min., precipitate collected, suspended in 0-35 °% NaCl, warmed 
to 45° and treated with NaOH to pH 8-5; 5C, mother liquor from 5B; 5D, 
120 ml. adjusted to pH 1-8 and divided into equal parts, one being incubated 
with pepsin (0-14 g. of Parke Davis 1 : 10,000) for 2 hr. at 37° (5D) and the other 
(5E) similarly treated with water instead of pepsin solution (both these fractions 
were neutralized to pH 6-8 at the end of the experiment); 5F, 60 ml. adjusted 
to pH 5-7, treated with alcohol (250 ml.) and brought to boiling; precipitate 
treated as in 5B; 5G, mother liquor from 5F after freeing from alcohol; 5M, 
70 ml. chilled to 0° and poured slowly with stirring into 500 ml. absolute alcohol 
at —8°, precipitate collected and washed repeatedly with dry ether at 0°, finally 
being extracted with dry ether in a Soxhlet apparatus for 5 hr.; 5L, mother 
liquors from 5M freed from alcohol and ether. 

Here (see Table I) activity is confined to 5A and 5M; ie. it has been 
destroyed by heating at the approximate isoelectric point of serum globulin both 
in presence and absence of alcohol and by exposure to dilute acid both with and 
without addition of pepsin. On the other hand dehydration with cold alcohol 
and ether (5M) is no more destructive of activity than is simple desiccation. 

Exp.6. The last conclusion was confirmed by cold alcohol-ether dehydration 
of the total globulin from a further batch of antithyrotropic serum. This prepara- 
tion (representing 2-5, of the original serum) has remained fully active in the 
dry state for 9 months; it is almost completely soluble in 0-9 °% NaCl (6). 


Il. Antigonadotropic sera 


(a) Pituitary gonadotropic substance. The thyrotropic pyridine extract of ox 
pituitary described on p. 2049 was also gonadotropic as tested on oestrous rabbits, 
and the antiserum prepared against the extract had antigonadotropic activity 
as shown by its power to inhibit the ovulation which normally occurs 10-11 hr. 
after mating of the oestrous rabbit [Parkes & Rowlands, 1936]. Whereas 5 ml. 
of the original serum reduced the percentage ovulation in a group of 10 mated 
rabbits to 30, an amount of fraction 6 equivalent to 5 ml. original serum inhibited 
ovulation in 3 out of 6 rabbits. The dry globulin powder therefore retains much, 
if not all, of the antigonadotropic activity. 

(b) Urine of pregnancy gonadotropic substance. A human urine of pregnancy 
extract (“Pregnyl”—UP12) was obtained. Assayed by the ovarian response 
of the immature rat, 0-25 mg. given once daily over 5 days produced ovaries 
weighing 35mg. which represents nearly the maximum growth attainable in the 
time by this type of preparation. 

A 45 kg. goat was injected daily for 6 weeks, subcutaneously, with 10 mg. of 
this preparation; afterwards the daily dose was raised to 25 mg. for another 
13 weeks. Samples of serum were obtained weekly after 11 weeks of injections. 

The antiserum was assayed against a standard amount of another urine of 
pregnancy extract (UP 10) of which 1 mg. over 5 days caused an increase in the 
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ovary of the immature rat from the normal weight of 10 to 35mg. Groups of 
10 rats weighing 40-50 g. were used. They were injected once daily for 5 days, the 
gonadotropic extract and the antiserum being injected on opposite sides of the 
animal. These were killed 24 hr. after the last injection; the ovaries were fixed 
in Bouin’s fluid and subsequently weighed on a torsion balance after immersion 
in 70% alcohol for a few hours. 

The fractionation and assay work were performed on serum taken after 
4 months or more of injections, when 0-0125 ml. of the antiserum inhibited 1 mg. 
of the gonadotropic extract of urine of pregnancy (UP 10) [Rowlands and Parkes, 
1937]. 
170 ml. of the serum were treated as usual and the solution of the (NH,),SO, 
precipitate dialysed against running tap water for 24 hr. and then for 48 hr. 
against changes of distilled water at 0°. The dialysed solution was adjusted to 
pH 5-5 with dilute acetic acid and the precipitate of euglobulin separated at the 
centrifuge and dried in a vacuum desiccator over H,SO,. 0-935 g. was obtained, 
of which 5-5 mg. were equivalent to 1 ml. of serum. Fraction AGG 1A. Pseudo- 
globulin was precipitated from the mother liquor with cold alcohol and ether as 
usual. 4-045 g. powder were obtained, of which 24 mg. were equivalent to 1 ml. 
serum. Fraction AGG 1B. 

These fractions were dissolved in saline and injected together with a total 
of 1 mg. urine of pregnancy extract, UP 10. The results of the assays of the whole 
serum and of the fractions are given in Table II. When a total of 0-0125 ml. of 


Table II. Effects of antigonadotropic serum and fractions thereof on response 
of immature rats to 1 mg. of urine of pregnancy extract (UP 10) 


Equivalent 


of original Weight of 
Amount serum ovaries Macroscopic effect on 
Fraction mg. ml. mg. reproductive organs 
AGG IA 2-50 0-46 12 Uterus not stimulated, vagina closed 
1-25 0-23 ll Uterus not stimulated, vagina closed 
0-62 0-115 15 Vagina open in all. No ovulation 
0-31 0-056 27 Vagina open in all. Corpora lutea in 
all ovaries 
AGG 1B 12-5 0-52 13 Vagina closed 
6-25 0-26 10 Vagina closed 
3-12 0-13 10 Vagina closed 
1-56 0-065 12 Vagina of 2 rats open and corpora 
lutea in ovaries 
0-78 0-032 14 Vagina open in 2 rats, only one had 
ovulated 
0-39 0-016 20 Vagina open in all, 8 had ovulated 
Whole serum _ 0-1 8 Uterus not stimulated, vagina closed 
_ 0-05 10-5 Vagina closed 
— 0-025 ll Vagina closed 
— 0-0125 14-5 Vagina open in 9 rats, 3 had ovulated 
= 0-00625 17-5 Vagina of all open, 9 ovulated 


the whole serum was injected with 1 mg. of the urine of pregnancy extract the 
reproductive organs (particularly the uterus) of the injected rats showed some 
signs of stimulation, although the effect was scarcely noticeable in the weight of 
the ovary. The administration of half this amount of serum (0-00625 ml.) over 
5 days together with the same amount of gonadotropic extract, allowed of a 
significant increase in the weight of the ovaries. 

The vagina was open in all the rats receiving 0-00625 ml. of the serum, 
whilst nine of the ten rats had corpora lutea in the ovaries. 
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It will be seen that, compared in equivalents of original serum, the pseudo- 
globulin fraction is 4-5 times as active as the euglobulin fraction. Since the 
former constitutes about four-fifths of the total globulin content of the serum, 
the two fractions are about equally active per mg. 

The two fractions were also tested for their power to inhibit ovulation in the 
oestrous rabbit. In an equivalent of 0-35 ml. or less of original serum, both 
fractions inhibit the activity of an amount of urine of pregnancy extract (UP 10) 
which, given alone, would cause ovulation in 100 % of a group of oestrous rabbits. 
The result shows that separation of the euglobulin and pseudoglobulin fractions 
offers no advantage. 

After 5 months of injections, the goat was bled to death under anaesthesia. 
About 1200 ml. of serum were collected, mixed with another 500 ml. obtained 
from the weekly bleedings and Seitz-filtered. The total globulin fraction was 
then prepared by Dr Hartley. 

The 1700 ml. of serum were diluted with an equal volume of 0-9°% NaCl and 
3400 ml. of saturated (NH,),SO, added. After 2hr. the precipitate of total 
globulin was filtered off, redissolved in 2000 ml. water and again precipitated by 
the addition of 2000 ml. of saturated (NH,),SO,. The globulin precipitate was 
collected on a filter paper, pressed into a soft mass, transferred to a collodion 
bag and dialysed, under slight pressure, against distilled water until free from 
(NH,).SO,. Solid NaCl was added to the dialysed globulin so that the final 
volume of the solution was 500 ml. and the NaCl concentration was 0-85 %. 
The globulin solution was sterilized by filtration through a Seitz filter and the 
filter washed with 0-85 % NaCl, the final volume of the solution of globulin being 
500 ml. Exactly 5 ml. quantities of this solution were delivered by means of a 
precision distribution apparatus into a series of previously sterilized ampoules 
and the contents of the ampoules reduced to the dry condition by the method 
described by Hartley [1937]. The ampoules were filled with pure dry nitrogen 
and sealed. When required for use, solution of the dry globulin is effected by the 
addition of 5 ml. of sterile 0-9 °% NaCl to each ampoule. 

For assay, an ampoule of the dried globulin was reconstructed in sterile saline 
by heating to 37° for 2 hr. After solution was complete, the globulin was diluted 
with sterile saline and various doses were injected into groups of 10 rats for 
5 days together with 1 mg. of the gonadotropic extract of urine of pregnancy 
(UP 10). Complete inhibition was afforded by the equivalent of 0-0125 ml. of 
original serum. A quantitative concentration of the antigonadotropic activity 
in the dry globulin fraction had therefore been achieved. 

(c) Gonadotropic substance of pregnant mare serum. Rabbits chronically in- 
jected with 0-5 mg. rising to 3-0 mg. daily of an extract of mare pregnancy serum 
(Antex PMS 2) yielded a serum inhibitory to a different preparation of pregnant 
mare serum (Antex PMS3) when tested on immature rats (Table III). Tests 
were carried out on groups of 5 immature rats. 

This anti-“‘ Antex” serum was fractionated by Dr Hartley as follows: 


Table III. Effects of antigonadotropic serum and globulin fraction thereof on re- 
sponse of immature rats to 2-5 mg. of extract of pregnant mare serum (Antex-PMS 3) 


Nature of preparation Weight of ovaries 
of antiserum Amount mg. 
se se 58 
Whole antiserum 0-5 ml. 41 
Whole antiserum 1-25 ml. 20 
Total globulin 15 mg. 48 


Total globulin 50 mg. 20 
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300 ml. of 0-9 °% NaCl were used to dilute 100 ml. of this serum and 400 ml. 
of saturated (NH,),SO, were then added and the precipitated globulin separated 
by filtration. The amount of precipitate obtained was small and there was a 
considerable unavoidable loss in transferring the globulin precipitate to the 
collodion dialysing bag. The globulin was dialysed for 2 days against distilled 
water and the dialysed globulin brought finally to a volume of 15 ml. in 0-85 % 
NaCl. The solution was centrifuged to remove shreds of filter paper and the clear 
solution (15 ml.) was added drop by drop to a well cooled mixture of alcohol 
(100 ml.) and ether (50 ml.). The precipitated globulin was collected, dried and 
weighed (1-265 g.). 

Table III shows that the activity of the antiserum can be recovered in the 
globulin fraction, but as 12-5 mg. of the globulin fraction corresponded to 1-0 ml. 
of the original serum, there has obviously been some loss. 


SUMMARY 


Antithyrotropic serum was obtained in rabbits by the prolonged daily injec- 
tion of ox anterior pituitary extract. An antigonadotropic serum to human urine 
of pregnancy extract was prepared in a goat and an antiserum to a gonadotropic 
extract of pregnant mare serum was prepared in the rabbit by similar means. 

The results show that the antithyrotropic and antigonadotropic activities of 
sera are associated with the serum proteins. 

The antithyrotropic substance is non-dialysable, is almost completely 
precipitated by one-third to one-half saturation with ammonium sulphate but 
not by dilution and adjustment to pH 5-5. The activity therefore appears to be 
associated with the pseudoglobulin fraction. The pseudoglobulin fraction has 
been dried and the powder has retained its full activity for over a year. 

Experiments on the stability of the antithyrotropic substance show that 
heating at 80—85° for 30 min., or boiling in aqueous-alcoholic solution completely 
destroys the activity. 

The antigonadotropic activity of the antiserum to the gonadotropic extract 
of human urine of pregnancy, prepared in a goat, can be quantitatively recovered 
from the globulin fraction. There is an equal distribution between the pseudo- 


and euglobulin fractions. 


Our best thanks are due to Dr P. Hartley who carried out the fractionation of 
the goat serum, and the anti-“‘ Antex” serum. 

The pregnant mare serum extract (“Antex”) was kindly supplied by 
Lovens Kemiske Fabrik, Copenhagen, and the urine of pregnancy extract 
(‘‘Pregnyl’’?) by Organon Laboratories. 
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In spite of much research work, our knowledge of the absorption, transport 
and utilization of cholesterol in the animal body is still vague. Cholesterol is 
known to be absorbed from the intestine in relatively small amounts, depending 
on the intensity of fat absorption and possibly on the nature of the fatty acids 
themselves. Spanner & Baumann [1932] have suggested that the solubility of 
cholesterol in bile may also be an important factor. 

The path of absorption appears to be through the lacteals and, as cholesteryl 
esters have been demonstrated in the chyle following the administration of 
cholesterol, it is possible that absorption is accompanied by esterification 
[Mueller, 1915; Frolicher & Sullman, 1934; Gardner & Gainsborough, 1930]. 
Because of the presence of large amounts of cholesteryl esters in normal blood, 
Bloor [1923] has suggested that these esters may play an important part in the 
transport of fatty acids in the animal body. 

One of the methods of approach to the problems of cholestero] metabolism 
has been to feed animals on diets containing various amounts of cholesterol and 
to study the effect on the tissues. Much of the early work on these lines was 
histological [Anitschow & Chalatow, 1913] and although many changes were 
observed, little attempt was made to investigate them quantitatively. In 
recent years, however, the problem has received renewed attention as part of 
the investigation of the effects of choline and other factors in the production 
of fatty livers. It has been shown that when rats are fed on diets containing 
cholesterol, deposition of cholesterol] (mainly in the esterified form) occurs in 
the livers [Okey, 1933, 1, 2; Chanutin & Ludewig, 1933; Sperry & Stoyanoff, 
1935; Beeston et al. 1935; 1936; Cook, 1937; Best e¢ al. 1934]. The last-named 
authors were able to demonstrate that choline had a marked effect on the 
prevention of the “cholesterol” fatty liver, the glyceride fraction being reduced 
almost to normal (from 9-5 to 1-5%), while the percentage of cholesteryl ester 
fell appreciably (from 4-35 to 1-77°%). Later Aylward et al. [1935] showed that 
when rats were fed on a diet containing 2% cholesterol in addition to 40% fat, 
the accumulation of cholestero] as ester began in the liver within a very few 
hours of feeding and increased progressively with time. 

The purpose of the present work was to continue the investigation of the 
production of fatty livers by cholesterol feeding, with special reference to the 
comparative rates of change of the individual lipoids, in order to gain more 
complete information regarding the factors influencing the “cholesterol” fatty 
liver. Further, because of the paucity of knowledge regarding the quantitative 
aspects of the effect of cholesterol feeding on organs other than the liver, it was 
decided to examine also the kidney, heart, lungs, brain, spleen and adrenals. 
Most of such previous investigations as have been carried out on these tissues 
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have been restricted to histological study only, and even when chemical analyses 
have been carried out they have usually been confined to cholesterol deter- 
minations. Consequently there are few records of the effects of cholesterol 
diets on the phosphatide and glyceride fractions of the tissues. Furthermore the 
majority of workers have confined their attention to a very limited number of 
tissues and thus it is impossible from their data to obtain a clear picture of the 
changes throughout the body. 
EXPERIMENTAL 


Three groups of rabbits were used: (a) the first group (“normal’’) of six 
animals was fed for 6 weeks on a mixed grain diet with the addition of cabbage 
leaf. The analytical figures obtained from this control group were compared 
with those of two further groups (5) the “‘high fat” group of ten animals which 
received a diet of sunflower-seed meal and (c) the “cholesterol” group of fourteen 
animals which received sunflower-seed meal with the addition of 2% chole- 
sterol. The last two groups also received cabbage leaf on alternate days. They 
were fed for periods up to 9 weeks. 


Table I. Composition of sunflower-seed meal 


g. per 100 g. meal 


Protein (N x 6-25) 19-42 
Water 7-39 
Ash 5-61 
Choline 0-113 
Total ether extract 36-97 
Unsaponifiable matter 0-74 
Total fatty acids 34-26 


Sunflower-seed meal was used because it is a plant food of sufficient fat 
content to promote cholesterol absorption. The commercial sunflower-seed meal 
was received crushed and ground and it was sieved to remove as much of the 
husk as possible. In the preparation of the cholesterol diet, powdered cholesterol 
was mixed and sieved with the meal. It was then kneaded to a dough with water 
and dried by an electric fan to give a hard, dry mass, which was readily consumed. 
About 100 g. of this dried material were supplied to each rabbit per day and on 
an average 70 g. were ingested. From the data of Table I (obtained by direct 
analysis) it was calculated that each rabbit consumed per day 24 g. fatty acids, 
13-6 g. protein and 79 mg. of choline, while the cholesterol group ate in addition 
1-4 g. cholesterol. 

The control group of six animals were killed together after 6 weeks’ feeding. 
From the second and third groups usually two animals were killed at varying 
intervals after the fifth day, and the liver, kidney, heart, lung, brain, adrenals 
and spleen were removed for analysis. The fat extractions and the subsequent 
analyses for the various lipoids were carried out by the methods given by Best 
et al. [1934], except that the method of extraction of the livers was modified so 
that the moisture content could be determined [Channon & Wilkinson, 1934]. 
In the cases of the spleen and adrenals, the lipoid analyses were carried out on 
the pooled extracts from several organs. From the determinations of total fatty 
acids, lipoid phosphorus, free and total cholesterol, the amounts of the various 
lipoids present were calculated on the assumption that the phosphatide was 
dioleyl-lecithin, the glyceride triolein and the cholesteryl] ester, the oleate. 


~ 
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RESULTS 


Table II summarizes the extensive analytical data obtained from the 
“normal”, “high fat” and “cholesterol” groups. 

The data for the individual animals of the “normal” group will not be 
considered and the mean values only are recorded (“‘N.’’). Further, except in 
the liver, the variations due to the “high fat”’ diet were relatively slight and for 
this group also the mean values only are therefore given (““H.F.’’). In the 
“cholesterol” group the changes were much more striking and the mean values 
over three periods are given: 


C. i 0-2 weeks 3 rabbits 
C. 2 3-5 Cs, ae 
C:3 6-9 ,, oe - 


The “‘normal” group 

The more noticeable features shown by the data for the “normal” group 
may now be summarized. The phosphatide fraction is highest in the brain 
(4:71 %) and lowest in the spleen (1%). The amounts of glyceride show rather 
wide variations, being very low in the brain (0-69°%) and very high in the 
adrenals (9-49%). The percentage of free cholesterol in all the tissues except 
the brain is between 0-16 and 0-5 %, but it increases in the latter tissue to 2%. 
The amount of cholesteryl ester is negligible in all the tissues except the spleen 
(0-56 %) and the adrenals (15%). 

Although many authors have carried out cholesterol, lecithin or other lipoid 
analyses on the tissues under consideration, few have made any attempt to 
estimate all the main lipoids in the tissues of the same animal, so that the 
figures given in Table II must be compared with those collected from a number 
of sources. Many of the lipoid analyses performed are recorded in papers (to 
be referred to later) on the effects of cholesterol diets on the tissues but some of 
the data are collected by Ellis & Gardner [1912]; Hess-Thaysen [1914]; Cham- 
berlain [1928]; Thierfelder & Klenk [1930] and Magistris [1931]. 

The reason for the great differences observed in the various tissues is not 
known but there are a number of possible explanations. It is probable that 
some of the lipoids are concerned with cellular equilibria and that different 
types of cells may require different proportions of the lipoids. Alternatively 
some of the tissues may act as depots for particular lipoids or as centres for 
active metabolism. 

The high fat content of the adrenals, due mainly to the presence of large 
amounts of glyceride and cholesteryl esters, is a matter of great interest. Histo- 
logical work has shown that the accumulation of lipoids is mainly in the cortex 
and it has been suggested that the normal cortex is concerned with the storage 
of cholesteryl esters or alternatively with their metabolism [Rosenheim & Tebb, 
1909; Whitehead, 1934; Grollman, 1936]. 

It should be mentioned that the individual variations found in this tissue 
are greater than in any of the others examined and this has also been observed 
by previous workers. Kay & Whitehead [1935] examined the adrenals of groups 
of six male and six female rabbits and found that the amounts of cholesteryl 
ester were 7-6 and 15 °% (mean values) respectively, but even within the groups 
there were considerable variations. Chamberlain [1928] obtained similar results. 
In view of the possible function of the adrenals in storage of cholesteryl esters, 
it seems likely that the amount present in the “normal” animal will depend to 
a great extent on the animal’s previous dietary history. 
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The effect of the experimental diets on the tissues 


Before discussing the changes in the lipoids of the tissues, some remarks 
must be made about the extensive changes which occurred in the actual weights 
of the tissues. Table II shows that the mean value of the liver weight as a per- 
centage of body weight is 3-30 for the control animals, and no great change 
occurred in the “high fat” group or during the early period of cholesterol 
feeding. However, after the fifth week of this latter diet there is a sharp increase 
in the proportionate liver weight, the average figure in this period being 6-45 %. 
This increase is partly due to the decrease in body weight which occurred at the 
same time in this group. 

The variations in liver weight are accompanied by changes in the moisture 
content of the livers, and while the “‘high fat” group (69%) shows little change 
from the normal (67%) wide variations occur in the “cholesterol” group. 
During the first 6 weeks of cholesterol feeding there is a definite decrease in the 
moisture percentage (C.1, 61%; C.2, 57%—the minimum individual figure 
being 46-4°%), but towards the end of the experiment the values rise again 
(C. 3, 63%). The explanation of these changes probably lies in the interplay of 
a number of factors such as the increase in the total lipoid and in the increase 
in weight of the liver itself. The increase in fat content of the liver does not 
account for more than a part of the increase in liver weight and it appears 
certain that fat deposition causes imbibition of water, presumably to maintain 
cellular equilibrium. It is also quite possible that both cholesterol and fat 
infiltration may cause a true physiological enlargement of the liver, by stimu- 
lating the growth of new cells. 

The change in weight of the tissue due to the cholesterol diet is not confined 
to the liver, but is shown by all the tissues investigated except the brain. The 
spleen and adrenals in particular were grossly enlarged during the later stages of 
cholesterol feeding and in the extreme case the spleen was eight times and the 
adrenals five times their normal weights. 

These changes in tissue weight and moisture content are of great importance 
in the interpretation of the effects of diets on the lipoids and the significance of 
variations due to diets can only be fully assessed by expressing the amounts 
of tissue lipoids first as a percentage of the tissue weight (fresh or dry) and 
secondly as a percentage of the body weight. In Table II the results are there- 
fore recorded also in terms of the weights of the different lipoids present in the 
tissues of a 1 kg. rabbit, and these figures will be referred to as “absolute 
weights”. If a pronounced change in body weight occurs data calculated by 
this method must be interpreted with caution. 

(a) The livers. As the changes in the percentages of the liver lipoids are of 
particular interest they are shown graphically in Figs. 1 and 2. Each point 
represents the mean value for two animals. Fig. 1 shows that in the “high fat” 
group the percentages of phosphatide, free cholesterol and cholesteryl ester do 
not vary to any great extent from the normal values. The glyceride fraction, 
however, undergoes relatively large changes. Early in the experiment there is 
a marked rise followed by a decrease to a value which always remains above 
normal. This sequence of changes may be due to the circumstances that the 
rabbit is not accustomed to such a high fat diet (25 g. fat per day). Conse- 
quently, in the early stages of the experiment the absorbed fat may not be 
utilized, whereas later, more complete metabolism may occur. 

None of the livers of this group is excessively fatty in spite of the fact that 
the diet contains nearly 40% of fat, an amount sufficient in the early experi- 
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ments of Best e¢ al. [1932] to produce a high degree of glyceride infiltration in the 
livers of rats. Any or all of four factors may explain this finding—the difference 
in the species, the chemical nature of the fat fed, the protein content of the diet 
and the presence of choline, betaine and allied substances in the sunflower-seed. 
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Fig. 1. Liver lipoids of “high fat” group. 
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Fig. 2. Liver lipoids of “‘cholesterol” group. 


It is impossible to say which of these effects is of major importance in the present 
experiment. The sunflower-seed fat has a high 1.v. (130) and it has been shown 
by Channon & Wilkinson [1936] that a diet containing unsaturated glyceride is 
far less effective in producing fatty livers than a diet containing a relatively 
saturated fatty acid mixture (e.g. beef fat). So far as the protein is concerned, 
Beeston et al. [1935; 1936] have shown convincingly that caseinogen exercises 
some control of glyceride infiltration in the liver of the rat, and that a plant 
protein, edestin, has a similar action. Although few other proteins have yet 
been investigated, it is quite possible that the high percentage of sunflower-seed 
protein (19-4 %) in the diet used is responsible in part for the absence of notably 
fatty livers. The daily intake of choline (80 mg.) must clearly be of importance also. 

Considerable contrast with both the “normal” and “high fat” groups is 
presented by the results of the “cholesterol” group. Thus Fig. 2 shows that the 
most striking change is the pronounced increase in the cholesteryl ester fraction, 
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which is noticeable when the first animals are killed (the fifth day) and is pro- 
gressive throughout the period of the experiment. After 9 weeks the liver 
contains 16% of cholesteryl ester equivalent to 8-9g. per kg. body weight, 
whereas the normal liver contains but traces. During the course of 8 weeks each 
rabbit ingested about 80 g. cholesterol and of this over 10 g. were deposited in the 
liver (2 kg. rabbit). 

This deposition of cholesteryl ester in the liver is in agreement with the 
histological and chemical findings of the authors already referred to, but the 
degree of infiltration in this experiment is very much greater than that recorded 
previously. The progressive increase during the period of the experiment bears 
out the observations of Aylward et al. [1935], to which reference has already 
been made. 

In contrast with the cholesteryl ester fraction, the free cholesterol of this 
group shows a relatively small but progressive increase (“normal” 0-28%, 
maximum individual value in “cholesterol” group 1-67%). Expressed in 
another way, there is 0-67 g. free cholesterol per kg. body weight in the later 
period of cholesterol feeding. 

The graph shows a slight decrease in liver phosphatide during the course of 
the cholesterol feeding, but this apparent decrease in amount of lipoid is entirely 
due to the increase in liver weight. The absolute weight of liver phosphatide is 
approximately constant during the early period (mean value 1-1 g.), but after 
5 weeks it increases almost 50% (to 1-56 g.). This increase is probably due in 
part to the decrease in body weight which took place in this period. 

The changes in the glyceride fractions are of particular interest in that 
during the first 5 weeks of the experiment there is a definite increase (0-55— 
7:72 %) after which a progressive decrease occurs. The same series of changes is 
seen if one examines the amounts of glyceride expressed in terms of body weights, 
and a similar though less marked sequence of changes occurs in the “high fat” 
group. 

In all the experiments carried out on the production of the “cholesterol” 
fatty liver in rats, an accumulation of both glyceride and of cholesteryl ester has 
been observed, but there is not any constant ratio between the amounts of these 
lipoids; in some cases the cholesteryl ester is in excess, in others the glyceride. 
The “cholesterol” group of the present experiment shows a constant change 
(over the period of 9 weeks) in the relative amounts of the glyceride and the 
cholesteryl ester, but the results differ from those of other workers in that they 
show a very definite decrease in the glyceride fraction during the later stages of 
the cholestero] diet, in spite of a continuous accumulation of cholesteryl ester. 

These results seem therefore to dissociate the two phenomena of glyceride 
and cholesteryl ester infiltration and to suggest that they are in some measure 
independent. It has already been pointed out that cholesterol] is not absorbed 
from the intestine unless a considerable amount of fat is present. In previous 
experiments on the “cholesterol” fatty liver, the cholesterol was administered 
with a high fat diet which of itself would produce a definite degree of glyceride 
infiltration, but in this experiment the diet of sunflower-seed, while readily 
promoting the absorption of cholesterol, does not cause a deposition of glyceride. 
This is shown by the absence of excessively fatty livers from the “high fat” 
group, in spite of the high percentage of fat in the diet. It seems probable there- 
fore that the glyceride infiltration is determined largely by the protein and 
choline contents of the diet and by the amount and nature of the fat fed, whereas 
the cholesterol infiltration is determined mainly by the amount absorbed and 
the period of feeding and only to a less extent by the other factors. 
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(b) The kidney, heart, brain and lungs. The changes in the kidney, heart, 
brain and lungs are relatively slight compared with those occurring in the 
livers and they will therefore be discussed together. The glyceride fraction usually 
shows an increase on both the experimental diets, although anomalies occur in 
the kidney and lung during the early part of cholesterol feeding. While none of 
the increases are of the order found in the livers, they nevertheless appear 
significant. It seems therefore that a sunflower-seed meal diet with or without 
added cholesterol, causes some degree of glyceride infiltration. The phosphatide 
fraction on the other hand shows no appreciable change in any of the groups. 
The free cholesterol is quite constant in the brain during the course of the 
experiments, but in the other three organs it increases both in percentage and in 
absolute amount during the later period of cholesterol feeding. These changes 
run parallel with those observed in the livers. 

As in the case of the liver, the cholesteryl ester of these tissues is the lipoid 
most affected by the cholesterol diets, being progressively deposited throughout 
the period of the experiment. Increases occur in all four organs, but in the cases 
of the brain (0-55 %) and the heart (0-58 %) they are slight and even in the lung 
not more than 2-7 %. That these changes are significant is clearly brought out 
by the actual weights of lipoids in these tissues. 

Weltman & Black [1913]; McMeans [1915]; Bailey [1916] and Sperry & 
Stoyanoff [1935], all recorded deposition of cholesteryl ester in the kidney as a 
result of cholesterol feeding and the data obtained in the present experiments are 
in agreement with their results. Chanutin & Ludewig [1933], however, reported 
that they could find no change in the kidney, heart and brain and Page & 
Menschick [1932] reported that cholesterol was not deposited in: the brain. 
These results differ from those presented here. Since in the present experiments 
a considerably greater amount of cholesteryl esters appeared in the livers than 
in the experiments of these authors, it is not surprising perhaps that cholesterol 
deposition has occurred in these other tissues. 

(c) The spleen and adrenals. The distribution of the lipoids in the normal 
spleen and adrenals differs considerably from the distribution elsewhere. The 
large increases in the weights of these tissues due to cholesterol feeding have 
already been mentioned and the considerable changes in the lipoids will now be 
discussed. The percentage of phosphatide in both organs is increased by the 
“high fat” and “cholesterol” diets, except in the case of the adrenals of the 
final “‘cholesterol” group. When, however, the amounts of tissue phosphatide 
per kg. body weight are examined, a different picture is seen; in both tissues the 
“high fat” group has normal amounts of phosphatide but there is a progressive 
increase due to the cholesterol diet. 

The glyceride content of the spleen, whether measured as a percentage of the 
tissue or of the body weight, increased in both the “high fat” and “cholesterol” 
groups. In the adrenals, however, a different sequence of changes takes place. 
The “high fat” group shows decreases in both the percentage and absolute 
amount of glyceride. The percentage in the “cholesterol” group rises in the first 
2 weeks from the “normal” figure of 9-49 to 14-59% and then in the following 
2 weeks it decreases to the exceptionally low value of 1-89°%, only to increase 
later to 5-78%. A similar series of changes is seen when the absolute amounts 
of glyceride in the tissue are examined. It is possible that the anomalies in the 
case of the adrenals are partly due to the excessive individual variations found 
in these organs as shown by the analytical figures for normal adrenals. On the 
other hand it seems that the decline in glyceride may be related to the large 
increase in cholesteryl ester which occurs about the same time. 
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In both organs there is a large increase in the amount of free cholesterol 
present after cholesterol feeding, but the “high fat” diet has no effect. The free 
cholesterol content of the spleen rises from the normal figure of 0-34 to 1-57% 
after 8 weeks of the “cholesterol” diet and the corresponding change in the 
adrenals is from 0-48 to 1-4°%. These increases are even more striking when the 
absolute amounts of the free cholesterol are considered. 

The “high fat” diet has no effect on the cholesteryl ester content of the 
organs, but the “cholesterol” diet causes changes comparable with those taking 
place in the liver. In the spleen there is an increase from the normal figure of 
0-56 to 10-39 % and in the adrenals from 14-96 to 36-82 % and these changes are 
progressive with time. In the final period the “cholesterol” group has 0-25 g. 
of cholesteryl esters in the spleen and 0-35 g. in the adrenals, amounts very 
much above normal. 

Evidence that the spleen may play some part in cholesterol metabolism has 
been put forward by a number of authors [Leites e¢ al. 1933; Peretti et al. 1933; 
Goebel, 1934; McMeans, 1915], and although the present results would agree 
with this hypothesis, they could be interpreted equally well by saying that the 
spleen in certain circumstances can act as a depot for cholesteryl] esters. 

The data for the adrenals which show a large increase in cholesteryl ester 
and a smaller increase in free cholesterol in the “cholesterol” group are in agree- 
ment with previous work [Wacker & Hueck, 1913; Weltman & Black, 1913; 
McMeans, 1915; Bailey, 1916; Kay & Whitehead, 1935]. The changes observed 
by the last-named authors were not so pronounced as those found in the present 
work, owing probably to the low fat content of the diets they used. It is quite 
evident from the present work that the adrenals like the liver and spleen possess 
the power of taking up large amounts of cholesteryl esters, but whether this is 
for storage or metabolism cannot be decided. 

In all the tissues investigated the cholesterol is deposited mainly in the form 
of its ester, in spite of the fact that the normal tissues (except the spleen and 
adrenals) contain little or no combined cholesterol. The free cholesterol which 
is normally present in the tissues may be part of the cell structure and as such 
would not be concerned with metabolic processes. Possibly, therefore, reserves 
of cholesterol can only be stored within the cells when esterified, in which con- 
dition it would be readily available for transport in the blood stream. 

The presence of large amounts of cholesteryl ester in the tissues of the rabbits 
on the “cholesterol” diet indicates that there must be in the animal body an 
efficient mechanism for the esterification of cholesterol, but where this process 
takes place is not clear. Possibly all the tissues (and especially the liver, spleen 
and adrenals) contain a cholesterol esterase. On the other hand, the esterase 
may be mainly in the mucosa of the small intestine, where it would cause a 
synthesis of cholesteryl esters during the course of cholesterol absorption. If 
this were so then the cholesterol fed would enter the circulation as ester and as 
such would be taken out of the blood stream by the tissues. The presence in 
blood plasma of large amounts of cholesteryl esters is in agreement with this 
hypothesis. 


SUMMARY 


1. A study has been made of the variations in the lipoids of the liver, kidney, 
heart, lungs, brain, spleen and adrenals of groups of rabbits receiving either a 
normal diet or a diet high in fat with or without added cholesterol. 

2. All the organs except the brain increased in size on the “cholesterol”’ 
diet and this was particularly noticeable in the cases of the liver, spleen and 


adrenals. 








2064 F. X. AYLWARD AND W. STOTT 





3. Striking changes in the distribution of the lipoids took place as a result 
of the diet containing cholesterol and smaller changes due to the “high fat” 
diet. With the “‘cholesterol” diet deposition of cholesteryl ester took place in all 
the organs studied but particularly in the liver, spleen and adrenals. In the 
livers the percentage of cholesteryl esters reached the value of 16%, repre- 
senting an accumulation of 10 g. cholesterol in the liver of a 2 kg. rabbit. 

4. No evidence is available from the present experiments to show whether 
these organs act merely as depots for excess cholesterol or whether they are 
concerned with its metabolism. 

5. The reason why cholesterol is deposited in the tissues mainly in the form 
of an ester is discussed. 


The authors wish to record their thanks for the helpful advice and criticism 
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WHILE the rat has been used in recent years with great success in nutritional 
studies, the results obtained have proved to be misleading in the investigation 
of pellagra. Goldberger and his co-workers discovered that rats ceased to thrive, 
became ill and developed a symmetrical dermatitis when deprived of the heat- 
stable portion of the B vitamin complex contained in yeast and concluded that 
this disease was probably the analogue of pellagra [Goldberger, Wheeler e¢ al. 
1926; Goldberger & Lillie, 1926]. Autoclaved dried yeast cured and prevented 
this rat disease and also canine “black tongue”, the experimental disorder 
produced in dogs by feeding on diets consisting of 80°% maize with addition of 
ample protein in the form of purified casein. For this reason the aetiology of this 
canine disease was considered by Goldberger and his school to be the same as 
that of human pellagra [Goldberger, Wheeler e¢ al. 1926; 1928, 1, 2; Goldberger 
& Wheeler, 1928]. Spies [1934] has since shown that human pellagra can be 
cured by autoclaved dried yeast. 

Goldberger and his colleagues found the preventive factor or factors against 
canine black tongue and rat dermatitis to be present in an (autoclaved) aqueous 
extract of yeast and to be adsorbed on fuller’s earth (at pH about 5-0). Gold- 
berger’s pellagra-preventive, or ““P-P” solid, was prepared in this manner 
[Goldberger & Lillie, 1926; Goldberger, Wheeler e¢ al. 1928, 1]. 

Further investigation has, however, shown that this symmetrical dermatitis 
of rats has not the same causation as human pellagra or canine black tongue. 
The constituent of the heat-stable vitamin B, complex, which has been found 
curative and preventive of this type of rat dermatitis (often known as “rat 
pellagra”’), has been found present in whole maize and other cereals and to a less 
extent in the highly milled grains [Birch et al. 1935; Copping, 1936, 2; Dann, 
1936]. It has been called vitamin B, by Gyérgy and his colleagues. 

Lactoflavin, another constituent of the heat-stable vitamin B, complex, is 
also water-soluble and adsorbed on fuller’s earth. It is present in relatively 
large amounts in yeast, liver, milk and meat, the foodstuffs which have been 
found to have the greatest protective and curative effects in human pellagra 
and canine black tongue. Although necessary for health and growth of rats, it 
has proved to be neither curative nor preventive of this rat dermatitis; in fact 
the disorder has been found to be developed more regularly when pure lacto- 
flavin is added to the experimental diet [Gyérgy, 1934; Chick e¢ al. 1935; 
Copping, 1936, 1]. Further, treatment with pure lactoflavin has been without 
success in human pellagra [Dann, 1936] and in experimental canine black 
tongue [Birch et al. 1935; Koehn & Elvehjem, 1936; Sebrell, Hunt & Onstott, 


1937]. 
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It therefore seems certain that, for the prevention and cure of pellagra and 
black tongue, some other heat-stable constituent of the vitamin B complex than 
lactoflavin or “vitamin B,” is necessary [see Birch et al. 1935]. 

Many recent investigations have revealed that at least two heat-stable 
dietary factors, in addition to lactoflavin, are required to demonstrate the full 
physiological activity of the vitamin B, complex. Edgar & Macrae [1937] have 
separated two such factors from autoclaved yeast extract. One of these factors 
is adsorbed on fuller’s earth together with lactoflavin and can be eluted with 
weak alkali; the second is contained in the filtrate after repeated adsorption of 
the original yeast extract with fuller’s earth. A mixture of these two factors and 
lactoflavin manifested the full activity of the original autoclaved yeast extract 
for the growth of rats. Edgar & Macrae considered that the first was probably 
identical with Gyérgy’s “vitamin B,” [Gyérgy, 1935; Birch & Gyorgy, 1936]. 

Fuller’s earth has also been used for separation of the vitamin B, con- 
stituents other than flavin from extracts of liver and rice bran [Richardson & 
Hogan, 1936; Elvehjem & Koehn, 1935; Lepkovsky et al. 1936; Jukes, 1937]. 

The filtrate from liver extract, after treatment with fuller’s earth, has been 
found curative of canine black tongue [Koehn & Elvehjem, 1936] and also of 
human pellagra [Fouts et al. 1936]. Sebrell, Onstott & Hunt [1937] also cured 
black tongue with material prepared by a similar method from rice bran by 
Lepkovsky and Jukes. The dogs died ultimately unless riboflavin was given in 
addition. It was concluded that riboflavin is an essential constituent in the 
dietary of dogs. These results are perplexing in view of the experience of Gold- 
berger and his colleagues, who found that the substance preventing and curing 
black tongue was adsorbed by fuller’s earth from yeast extracts. 

It seemed therefore desirable to make a study of pellagra- and black tongue- 
producing diets with a fresh experimental animal and the results here presented 
are a first instalment from experiments with pigs on diets consisting largely of 
maize, modelled on those used by Goldberger. Rats and mice have proved 
unhelpful as these animals thrive on such diets [Rhoads & Miller, 1935; Birch 
et al. 1935; Chick, unpublished experiments, see also p. 2075]. The pig was chosen 
as being omnivorous and easy to feed and having digestive arrangements similar 
to those of the dog and man. 


Nutritive defects of maize 


It has long been recognized that the pig cannot be reared upon maize alone, 
although, if suitably supplemented with minerals and various foodstufis con- 
taining a high proportion of protein, e.g. tankage, fishmeal, skim milk, this 
cereal forms an excellent staple food. Hart & McCollum [1914] successfully 
reared pigs on the products of the maize kernel with an added salt mixture. 
The maize meal was supplemented by “‘maize gluten feed” (a mixture of gluten 
and bran usually containing about 25% of crude protein) so that the diet con- 
tained 15% total protein. When a suitable salt mixture was added the animals 
throve. Waters and his colleagues [1915], in the course of an extensive series of 
experiments (1909-14) on the rearing of pigs, supplemented maize with blood 
albumin, total milk proteins, casein and lactalbumin, respectively. In all cases 
when sufficient of these supplements was given, the pigs did well. Shrewsbury 
et al. [1932] also found that casein supplemented a ration containing 84% of 
yellow maize when 6-7 % was added, but 3% was insufficient. 

In Goldberger’s diets, with which he produced black tongue in dogs, the large 
proportion of maize was also supplemented by extra minerals and by casein to 
the extent of 10-15 % in the diet, but the casein was purified by “leaching for a 
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week in daily changes of acidulated water”. Birch et al. [1935] produced the 
disease in dogs on a synthetic diet containing 20° purified casein and Harris 
[1937], using Goldberger’s diets, observed nutritive disorder in monkeys. Miller 
& Rhoads [1935] fed pigs on a diet similar to Goldberger’s “‘ black tongue” diet 
No. 123, with the primary object of studying the anaemia produced. The pigs 
failed to grow after the first few weeks on this food. Most of those which lived 
long enough appear to have developed achlorhydria and to have become anaemic ; 
the anaemia in about half the cases was of the megalocytic type. Some of the 
pigs had ulcers in the mouth. 

Dunlop [1935] reared 3 pigs on a diet containing maize meal 60°, barley 
meal 24%, soya bean meal 16% and a salt mixture. In two cases the growth 
slackened after 11 weeks but could be restored immediately when yeast to the 
extent of 1-5°% was added to the diet. 

Deficiency of protein or minerals cannot therefore explain the nutritive 
failure of these maize diets for dogs, monkeys and pigs, and the above workers 
agree with Goldberger and his colleagues in concluding that the diets are short 
of some other factor, or factors, needed for their nutrition and presumably also 
for that of man. 

General technique of the experiments 

The following experiments were made on 15 weanling pigs obtained from 
2 litters. The diets used were modelled on the Goldberger No. 123 “black 
tongue ” diet? [Goldberger, Wheeler et al. 1928, 1] but a salt mixture? more appro- 
priate for pigs, containing iron, was used, the sucrose and cotton-seed oil were 
omitted, the proportion of maize was increased to about 80% and that of 
casein reduced. The casein used was “‘Glaxo ashless, extracted” casein, purified 
by extraction first with dilute acetic acid and subsequently with hot alcohol. 

The cereals were finely ground and fresh supplies obtained every few weeks, 
the diets were mixed freshly every few days; the food was given uncooked. The 
diets were mixed with water to a creamy consistency; in winter, when the 
weather was cold, less water was given. The pigs were fed twice daily, about 
9 a.m. and 6 p.m. 

The different groups of 2-4 pigs receiving the same diet were kept in separate 
stalls, but as a rule the individual animals were not isolated. It was not therefore 
possible to estimate individual food intake but the amount fed to the group was 
recorded and a rough estimate made of the uneaten food. 

The stalls were formed by subdivision of a long barn with wooden partitions 
into separate rooms 15 ft. square. They communicated by doors into runs which 
were open to the air and separated from one another by low fences of sheep wire. 
The flooring of both stalls and runs was of concrete; no bedding was provided 
but a heavy wooden platform was placed in the corner of each stall to keep the 
animals off the cold concrete at night. During the summer the pigs spent most 
of the day in the open; in the winter during cold weather they were shut up at 
night. 

Exp. 1. Nine litter-mates (sire. ‘Chivers large white”; dam, cross between a 
black boar and a large white sow). The litter of 12 pigs was born 10 April 1936 

1 White maize meal 67 parts, cow peas 8-1, casein (purified by leaching for 1 week in daily 
changes of acidulated water) 10, sucrose 5-3, with cotton-seed oil 5, cod liver oil 2-5 and additional 
salts 2-1. 

2 Salt mixture: CaCO, 2 parts, bone ash 2, NaCl 1, Fe,O, 0-08. 

3 Described by the manufacturers as a carefully prepared casein of the “self-soured”’ type, 
exhaustively washed with dilute acetic acid and subsequently extracted thoroughly with hot 


alcohol. 
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and weaned on 17 June; the 3 smallest were discarded and the remainder placed 
on experiment 30 June, at 114 weeks old and of body weight ranging from 34 to 
46 lb. Group 1 (4 pigs) received the unsupplemented maize diet containing 83% 
white maize meal. In the diet of group 2 (2 pigs), 8% of yeast was given and the 
maize meal reduced to 76%. In the diet of group 3 (3 pigs), the maize meal was 
substituted by a mixture of ground wheat and barley. The total digestible 
protein in the diets of these three groups was calculated as 10-8 to 12-1% and 


calories as protein Sis es 
calories as fat and carbohydrate ’ was 1:65 to 1: 5:8. 


Exp. 2. Groups 1-5. Six female litter-mates (sire and dam as for Exp. 1) 
being the largest chosen from 13 at weaning. They were placed on experiment 
19 September 1936, 3 weeks after weaning, at 12 weeks old and of body weight 
ranging from 44 to 52 lb. In this experiment the original maize diet was modified 
by increasing the casein to 7%. This increased the total digestible protein in 
the diet of group 4 to 12-6 % and the nutrient ratio to 1 : 5-5. 

The composition of all the diets in Exps. 1 and 2 and the analyses of the 
materials used are set out in Tables I and IT. 


the nutrient ratio, 


Table I. Analysis of materials used 


Protein % 
H,O % N% (N x 6-25) 
Whole maize 12-6 1-36 8-5 
Whole wheat 158 1-79 11-2 
Whole barley 13-9 1-36 8-5 
Pea meal 13-3 3-47 21-7 
Yeast (average) 10-7 6-34 39-6 
Autoclaved yeast extract 0-67-0-70 
(N x 6-34) 
Dried “‘ whey’’* _ 3-6 23-8 
Casein “light white”’ 10-8 11-7 74-0 
Casein “‘Glaxo ashless, extracted” 2-1 13-5 85-4 


* Dried residue from manufacture of lactose. 


Table II. Composition of diets. Amounts calculated on air-dry material 


Group fA 1 2 3 4 5 
Whole white maize, ground 83 76 —_— 83 83 
Whole wheat, ground -— — 20 — — 
Whole barley, ground — — 63 — = 
Pea meal ll 10 11 11 11 
Casein, “‘Glaxo ashless, extracted” 4-4 2-2 5:3 7-0 — 
Casein “light white” _ _ — — 7-0 
Yeast, dry — 8 — —_— _ 
Cod liver oil 3 3 3 3 3 
Salt mixture 2-5 2-5 2-5 2-5 2-5 
103-9 101-7 104-8 106-5 106-5 
Computed digestible protein % 10-8 11-1 12-1 12-6 11-8 
Computed digestible fat % 6-1 6-0 4:5 6-0 5-9 
Computed digestible carbohydrate % 58-8 57-1 60-8 57-4 57-0 
Estimated nutrient ratio 1:65 1:62 1:58 1:55 1:59 
Results 


Group 1. Maize diet containing 4-4°/, casein (4 pigs). The pigs (2 3, 2 9) put 
on weight at a subnormal rate (average 3-5 lb. weekly) for 5-6 weeks, when 3 of 
the 4 developed diarrhoea, the appetite failed and growth was checked. One 
pig, No. 5, died at the end of the 7th week. Two pigs, Nos. 4 and 9, were less 
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acutely ill, they had diarrhoea continually for 3 or 4 weeks, during the latter part 
of which period they ate little or no food and suffered great loss of weight; they 
were killed in a moribund condition at the end of the 10th week to provide 
suitable autopsy material. 

The remaining animal (No. 6) also ceased to grow about the 7th week and 
had intermittent diarrhoea 4-5 weeks later than the others. It was never as 
seriously ill as they and continued to consume enough food to maintain its 
weight. At the 13th week 4% yeast was added to the diet and the casein 
reduced to 2:2 °%. The animal at first refused its food, the body weight fell and 
the diarrhoea ceased during the starvation. After 8 days the pig ate greedily 
and then put on 50 lb. in 8 weeks, nearly 1 lb. daily. The yeast was then reduced 
to 2%, but nevertheless the rate of growth was maintained and 37 lb. were 
gained in the next 3 weeks. 

Group 2. Maize diet with yeast 8°/, (2 pigs). Pigs 22 and 8 f showed un- 
interrupted good growth and health. At the period when the pigs in groups 1 
and 3 were suffering from diarrhoea they showed no symptoms or slackening of 
their fine growth. After 10 weeks they weighed 121 and 123 lb. respectively. The 
yeast was then removed from the diet and the maize increased to 83% but 
growth continued steadily for a further period of about 8 weeks at a rate of 8 lb. 
weekly weight increase, until No. 8 weighed 178 and No. 2 195 lb. During this 
time, however, the appearance of the pigs deteriorated, the healthy pink bloom 
on the skin disappeared and the colour changed to a dirty yellow. Pig No. 2 
developed intermittent diarrhoea and vomiting and finally began to lose weight. 
Both animals recovered and resumed growth when 11 % of a dried whey product 
was given in their diet. 

Group 3. Wheat and barley diet (3 pigs). These pigs grew with an average 
weight increase of 5 lb. weekly for 5-6 weeks, when they also developed diar- 
rhoea. Growth was checked in pigs 1 ¢ and 7 2 for 2 and 5 weeks, respectively, 
but only very slightly in pig 392. After this there was spontaneous recovery 
and resumption of normal growth in all 3 animals. After 16 weeks on the diet, 
pig 3 weighed 155 lb. and pigs 1 and 7, 119 and 118 lb., respectively. 

Groups 4and 5. Maize diet containing 7°), casein (6 pigs). Group 4 (3 pigs) had 
“‘Glaxo ashless, extracted” casein and group 5 (3 pigs) unpurified “light white” 
casein. These animals did better during the first 2-3 weeks than the corre- 
sponding pigs in group 1, doubtless owing to the higher proportion of- protein in 
the diet, 12-2 instead of 10-8%. Any beneficial effect of the extra protein was, 
however, soon obliterated and the average weight increase over the first 6 weeks 
of the 3 pigs in group 4 (Nos. 11, 14 and 15) was 3-6 lb. weekly, not higher than 
that of the pigs in group 1 (3-5 lb. weekly) who received a similar diet with less 
protein. The added nutritive value of the unpurified “light white” casein in 
group 5 (pigs 10, 12 and 13) was made apparent in their better growth, the 
average weekly increase over the first 6 weeks being 5 lb. These pigs had a better 
appetite than those in group 4 and were rosy and healthy looking in comparison 
with the latter, which soon became very thin, with a grey and dirty looking 
skin. 

After the first 5-6 weeks these growth rates slackened in both groups. Two 
pigs in group 4 (Nos. 11 and 14) developed severe diarrhoea with rapid loss of 
weight and died. The third pig in this group, No. 15, which was in better con- 
dition, made quick recovery with resumption of growth when it received auto- 
claved yeast extract in amount corresponding! to about 8% (later 5%) dry 
yeast in the diet. 

1 Reckoned on the amount of yeast (dry weight) from which the extract was made. 
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The pigs which received the unpurified “light white” casein took longer to 
demonstrate the nutritive defects of the diet. Nos. 10 and 12 developed diarrhoea 


Body wt., lb. 





Weeks 
Fig. 1. Weight curves of pigs in groups 1, 2 and 3 in Exp. 1. ---- signifies diarrhoea. tf signifies 


/ 


death. Group 1, maize diet unsupplemented. Group 2, maize diet +8% yeast. Group 3, 
barley and wheat diet. 





Weeks 
Fig. 2. Weight curves of pigs in group 4, maize diet with 7% purified casein (pigs 11, 14, 15), 
~ and group 5, maize diet with 7% unpurified casein (pigs 10, 12, 13). ..... signifies diarrhoea. 


t signifies death. Y.E. signifies yeast extract. Y, signifies 4% dry yeast in diet. F---F, 
signifies lactoflavin 2 mg. daily. 


and vomiting with loss of weight after 7 and 9 weeks respectively and No. 13 
only after 13 weeks. Nos. 12 and 10 recovered promptly when given respectively 
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4% yeast in the diet or the nominal equivalent! of 8% yeast in the form of an 
autoclaved yeast extract. This was later reduced to the equivalent of about 
5% yeast. 

The details of the dietary observations on the 15 pigs in groups 1-5 are set 
out in Table IIT and the growth curves are given in Figs. 1 and 2. 


Blood changes 


Examinations were made about every 10 days of the blood of all the animals 
in Exp. 1. These will be recorded elsewhere by Messrs Parry and Birch who, 
however, permit us to say that all those on the maize diet unsupplemented by 
yeast had a progressively increasing simple anaemia. By the time they died, or 
were sufficiently ill to need immediate treatment, the average fall in the number 
of blood cells was 24% and in the haemoglobin titration 28 %. 


Discussion 


The results of Exps. 1 and 2 may be summarized as follows. 

The pigs were not able to thrive on the unsupplemented maize diet. After 
5-6 weeks there was loss of appetite and slackening of the growth rate and 9 out 
of 10 pigs soon began to suffer from looseness, increasing to severe diarrhoea 
during the next few days. With the onset of looseness the consumption of food 
fell and coincident with the diarrhoea there was rapid loss of weight. Except 
when the diet was changed, the pigs died in periods varying from 1 to 4 weeks 
after onset of the diarrhoea. 

When the maize in the diet was replaced by a mixture of wheat and barley, 
as in group 3, the pigs suffered from looseness and mild diarrhoea at the same 
time as their litter-mates in the adjoining pen. This checked their development 
but after 2-5 weeks there was spontaneous recovery with resumption of growth. 

There was no indication of unusual sensitiveness to light, although the pigs 
spent most of the day in the open air during the summer. The pigs on the 
unsupplemented maize diet, however, had unhealthy, scurfy skins, with scabby 
patches, especially on the backs of the ears, which bled readily if scratched or 
handled. The scabs separated and the skin became healthy in a week or 10 days 
after administration of yeast. 


The significance of the diarrhoea and changes found at autopsy 


As, sooner or later, both dogs and monkeys subsisting on Goldberger’s 
pellagra diet suffer from diarrhoea, and diarrhoea is a common symptom in 
pellagra, we were not surprised when after 5 to 6 weeks on the diet our pigs began 
to scour. Some features of the outbreak were, however, disquieting. In Exp. 1 
diarrhoea first occurred in 3 pigs on the maize-diet that were still growing at a 
moderate rate—4~7 lb. a week—and before their appetite and growth rate had 
begun to decline. Further, diarrhoea occurred simultaneously in the 3 pigs in 
the neighbouring pen on the barley and wheat diet. These were growing fairly 
well before the diarrhoea occurred. 

It seemed that the experiment was complicated by an epizootic of pig- 
paratyphoid and this impression was supported by the results of the post- 
mortem examinations of the 5 pigs on the maize diet which succumbed. In 
every animal there was a diffuse cellular inflammation of the mucous membrane 
of the caecum and large colon which were covered with a fibrinous adherent 
membrane, a condition characteristic in pigs dying of infectious enteritis or pig 
paratyphoid. 

1 Reckoned on the amount of yeast (dry weight) from which the extract was made. 
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The following is an epitome of observations made at autopsy: 

The mucous membrane of the whole of the caecum and upper half of the large intestine was 
thickened and sodden and the surface covered by an adherent layer of cheesy material about 
2 mm. thick. When the animal had died rapidly this layer was stained yellow or green by bile; 
when life had been prolonged for 10 days to a fortnight it was necrosed and of a dirty greenish 
grey colour and in parts separated from the deeper layers, leaving large raw surfaces. The serious 
pathological changes were confined to the large intestine and began at the ileocaecal valve. There 
was neither stomatitis nor glossitis in any of the pigs, but in one that survived for several months 
there were a few small ulcers with well-defined margins in the nasopharynx and on the buccal 
surface of the epiglottis. Similar ulcers in these situations have been described as occurring in 
pig-paratyphoid. The other organs appeared to be healthy with the exception of the lymphatic 
glands on the lymph channels draining the inflamed and necrotic mucous membrane of the 
caecum and colon. These were swollen and intensely congested and sometimes haemorrhagic. 


Caseous, or necrotic, enteritis, as it is called by veterinary pathologists, is 
usually attributed to infection by one or other of the varieties of B. suipestifer 
and the condition can be produced by feeding young pigs with cultures of this 
organism [Biester et al. 1927]. 

In the present instance, however, notwithstanding the expert co-operation 
of Mr M. O. J. McCarthy, Bacteriologist to the Institute of Animal Pathology, 
neither B. suipestifer nor any other recognized pathogenic organism could be 
isolated from the tissues or intestinal contents of the animals. Attempts to 
obtain cultures from the blood, liver and spleen were negative. Bacterial 
cultures were obtained from the ileo-colic lymph glands but the only organisms 
cultivated were such as are found in the healthy intestine. 

Our failure to discover pathogenic organisms does not exclude the possibility 
that such were present. Invasion of the mucous membrane by microbes from 
the gut undoubtedly contributed to the production of the lesions seen at the 
autopsies, but the results of Exps. 1 and 2 indicate that a nutritive defect in the 
diet of the animals was the predisposing cause of their illness, since those which 
received the same diet made adequate by the addition of yeast did not have 
enteritis. The part played by the nutritional deficiency was not less important, 
for those which developed diarrhoea on the uncorrected diet and had become 
seriously ill. These were cured by the addition of yeast or yeast extract to their 
food, provided that they had not ceased to eat. Indeed the nutritional defect 
would appear to be prepotent in the chain of causation for the process was 
reversed and healing occurred when the defect was made good. 

We take the observations to indicate that something is missing from the 
basal diet, or present in insufficient amount, which is necessary to enable the 
mechanisms in the mucous lining of the intestine, which resist invasion by 
microbes from the gut, to function successfully. These local mechanisms, as far 
as they are known, reside in living cells and it may well be that, when there is 
lack of some substance essential for the metabolism of these cells, their powers to 
resist invasion are embarrassed or lost. Pathogenic organisms then gain entry 
more easily and other organisms, which are below the threshold of pathogenicity 
for a healthy mucous membrane, are able to penetrate and invade the tissues. 


Effect of yeast 


The nutritional defects of the diet were corrected by addition of yeast or 
yeast extract. The 2 pigs in group 2, whose diet contained 8% dry yeast, re- 
mained completely healthy. At the time when their litter-mates in groups 1 
and 3 were suffering from diarrhoea, they showed no signs of it and continued to 
grow uninterruptedly with an average weight increase of about 8 lb. weekly 


Riochem. 1937 xxxt 131 
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over the first 10 weeks. After the yeast was removed from the diet, the same 
rate of growth persisted for a further period of 8 weeks, during which the pigs 
continued to increase in weight by more than 1 lb. daily. Afterwards the growth 
slackened and one of the 2 pigs developed diarrhoea and vomiting; this ceased 
and growth and health were restored when 11% of a dried whey product was 
given in the diet. The proportion of dried yeast, 8%, given in the first period of 
this experiment was evidently far more than was necessary; in the case of 3 pigs 
(Nos. 6, 12, 13) 4% yeast was found to be ample to cure the diarrhoea and change 
the loss of weight into a gain of as much as 10 lb. weekly. The cures were sur- 
prisingly rapid (see Table III and Figs. 1 and 2). 


Effect of additional protein 


There was the possibility that some of the benefit to young swine of adding 
yeast to the diet or of replacing the maize by other cereals might be due to 
provision of better protein, seeing that about 1/3 of the proteins of the maize 
kernel consists of zein, which is lacking in the essential amino-acids tryptophan 
and lysine. 

Other investigations have indicated however that, in whole maize, the 
defects of the zein are largely made good by the glutelins and globulins which 
are also present [Hart & McCollum, 1914; Fixsen & Jackson, 1932; Fixsen e¢ al. 
1934]. And further, in the present work, when the casein in the diet was in- 
creased to 7%, as in group 4, the pigs sickened and died in the same way as 
those receiving diets containing less (4-4 °%) casein. 

The sample of dried yeast used contained 6-7 % nitrogen. The nitrogen of 
yeast is known to possess a nutritional value in supplementing the protein of 
cereals [Kon & Markuze, 1931]. That the beneficial effect of the yeast was due to 
the protein it provided is, however, disproved by the fact that equally good 
results were obtained with a yeast extract from which the coagulable protein 
of the yeast had been separated by boiling in slightly acid solution. In two 
cases, pigs 15 and 10, rapid cures occurred when this yeast extract, after auto- 
claving, was given, in amount nominally equivalent! to 6%, yeast in the diet, 
without any other change in the diet. 


General conclusions 


It must therefore be concluded that, as in the case of black tongue in dogs, 
the beneficial effect of the yeast is due to some heat-stable water-soluble dietary 
factor. There is evidence that this substance, required to supplement the maize 
diet, was also present to a small extent in the sample of less purified casein, the 
“light white” casein of which 7 % was included in the diet of group 5. The 3 pigs 
in this group grew better than their 3 litter-mates (group 4) which received a 
similar diet made with 7 % purified casein ; during the first 6 weeks the average 
weekly weight increases on the two diets were 5 and 3-6 lb. respectively (see 
Fig. 2). The time taken for diminution of growth rate and occurrence of diarrhoea 
was also longer. The 3 pigs receiving unpurified casein had diarrhoea after 7, 9 
and 13 weeks respectively, whereas 2 of the 3 pigs receiving the purified casein 
were dead within this period. 

It is not surprising that dried whey should have been found a satisfactory 
supplement to the black tongue diet, as it is the experience in pig husbandry 
that a combination of maize with skim milk as source of extra ‘ protein” forms a 
satisfactory diet for rearing young pigs. 


1 Calculated on the amount of dried yeast from which the extract was made. 
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The substance which can correct the defects of the maize diet is thus con- 
tained in the heat-stable portion of the vitamin B complex, hitherto known as 
“vitamin B,”. Our experiments afford little help towards the identification of 
the active material with any one of the separate heat-stable dietary factors in 
yeast extract which are described above on p. 2066. In the trials with lactoflavin 
on pigs 12 and 13 (see Table III) there was no evidence of any advantage from 
the administration of 2 mg. daily. These experiments are now being repeated. 


In view of our results, the experiments of Waters and his colleagues [1914] 
and those of Hart & McCollum [1914] require comment. The former were 
carried out from 1909 to 1915, at a time when the importance of accessory food 
factors was unrecognized. The famous paper of McCollum & Davis, reporting 
the first discovery of the fat soluble vitamin A, was published in 1915. In Hart 
& McCollum’s experiments the pigs throve on a diet composed of maize meal 
and maize gluten feed supplemented by salts. This occurred, presumably, 
firstly because the maize was the yellow variety (private communication from 
Dr McCollum) and thus contained vitamin A and secondly, because the large 
proportion of maize bran contained in the “gluten feed”? provided an adequate 
amount of water-soluble vitamins. The pigs studied by Waters and his col- 
leagues must also, presumably, have received yellow maize and derived sufficient 
of the other necessary accessories from the protein concentrates given as supple- 
ments. In their experiments the maize meal was adequately supplemented 
during experiments lasting 6 months by the casein removed from milk by 
precipitation with acid or by the lactalbumin precipitated by boiling the filtrate. 
Since, in our experiments, a supplement of 7% purified casein was unavailing, 
we conclude that, in addition to extra protein, a further dietary factor is 
required to supplement maize diets for young pigs and is adsorbed from milk 
on casein and on lactalbumin prepared in the above manner. 


EXPERIMENTS WITH RATS 


A whole series of diets consisting largely of maize, with addition of other 
grains, legumes, casein and fats (the composition being based on diets associated 
with human pellagra), found to be productive of black tongue in dogs by 
Goldberger, Wheeler et al. [1928, 1, 2], have been tested on rats. One of these 
diets, No. 114, was found to be adequate for rats by Rhoads & Miller [1935]. 
Another, No. 123, modified by the omission of sucrose, was investigated by Birch 
et al. [1935]. The rats at first throve on the diet and remained free from skin 
lesions, but eventually the growth rates became subnormal. 

The maize diet used in the present work was also tested on young rats and 
the results of three experiments are given in Table IV. In the first experiment, 
a litter of 9 young rats received the diet from time of weaning in unlimited 
amount; 3 rats received the diet without supplement; 3 rats received in addition a 
daily ration of autoclaved yeast extract in amount corresponding with 0-5 to 0-75 
dried yeast and 3 rats received 14 y daily of pure lactoflavin. No difference could 
be detected in the behaviour of the rats in the three groups; growth was satis- 
factory in all. After 8 weeks on the diet the females were mated with males in 
the same group. Successful pregnancies occurred in every case and litters were 
born, though the young were not reared. The animals appeared healthy and 
normal and, except for some scaliness of the tails, the coats were good. 

It is evident that either the rat is not sensitive to a deficiency in the diet of 
the substance required for the rearing of dogs and pigs, or that its requirements 
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are relatively small. Accordingly, in a second experiment, the diet was fed 
in limited amount, 7 g. daily (which was about one-half of the average daily 
intake of the animals in Exp. 1), in order to see whether under these conditions 
any deficiencies in the diet might be made manifest. To provide the extra 
calories needed to satisfy the appetite, the animals received an additional ration 
of the usual synthetic vitamin B,-deficient diet employed in this laboratory. 
Of 8 litter-mates, 3 control rats received the diets without supplement, 2 rats 
received a supplement of autoclaved yeast extract in amount corresponding with 
0-3-0-5 g. dry yeast daily, and 2 rats received 14+ lactoflavin daily. All the rats 
grew at a lower rate than in Exp. 1, as was to be expected, but again there was 
no significant difference between the animals in the different groups. 

Theexperiments of Hart & McCollum [1914] (see above pp. 2066, 2075) suggest 
that the bran of maize may contain relatively more of the dietary factor in which 
the whole grain is deficient. It was therefore possible that a deficiency in our maize 
diet might be manifested in the case of rats if the whole maize were replaced by 
bolted maize, which consists largely of maize endosperm after separation of the 
bran and germ. The sample of bolted maize was obtained from Alabama, U.S.A., 
by the kindness of Dr Tom Spies, from a district in which pellagra is endemic. 
When the diet was thus modified and the ration limited to 8 g. daily per rat, 
there was definitely subnormal growth and evidence of lack of lactoflavin 
[see Chick et al. 1935; Copping, 1936, 1]. Both defects were corrected when a small 
daily ration of yeast extract was added. A diet, prepared with “straight-run” 
wheaten flour instead of maize flour, afforded a similar but less marked result 
(see Table IV, Exp. 3). 

The results of these experiments fully confirm those of previous workers and 
it must be concluded that the rat is less sensitive to the nutritive defect in those 
diets which cause “black tongue” in dogs and the disorder described above in 


pigs. 
SUMMARY 


1. Young weanling pigs were fed on a diet consisting of whole ground white 
maize 83, peameal 11, purified casein 4-4, cod liver oil 3 and a salt mixture of 
2-5 parts. The diet was similar to those with which Goldberger and his colleagues 
produced “‘black tongue” in dogs and was modelled on diets associated with the 
occurrence of human pellagra. It contained 10-8 % protein and had a nutritive 
ratio of 1: 6-5. The animals became ill with severe diarrhoea in periods varying 
from 5 to 10 weeks and died unless the diet were changed; they showed a pro- 
gressive simple anaemia. There was no indication of unusual sensitiveness to 
light, although in summer the animals spent most of the day in the open air. 
Post-mortem examination showed a condition of necrotic enteritis of the caecum 
and large intestine. 

2. The defects of the diet were not corrected by raising the proportion of 
casein to 7%, by which the total protein was increased to 12-6% and the 
nutritive ratio to 1: 5-5. 

3. The pigs could be satisfactorily reared on the diet if 4 or 8% dried yeast 
were included, the proportion of casein being suitably lowered to keep the 
protein level at 11-1 % and the nutritive ratio at 1: 6-2. Notwithstanding this 
wide nutritive ratio these pigs made uninterrupted growth with an average 
weight increase of 1-25 lb. daily. 

4. Inclusion of this proportion of dried yeast or addition of a corresponding 
amount of an autoclaved aqueous yeast extract effected dramatic cures of 
animals which had become seriously ill on the unmodified diet. 
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5. The administration of 2 mg. pure lactoflavin daily did not produce any 
effect in the two cases tried. 

6. Substitution of a mixture of whole wheat and whole barley for the maize 
rendered the diet just satisfactory. 

7. The above “black tongue” diet without addition of yeast, on which the 
pigs sickened and died, was found satisfactory for rearing young rats. 

8. The conclusions drawn are that the nutritive failure of the above maize 
diets for rearing young pigs is not due to defects in the amount or quality of the 
protein, but to a deficiency in some constituent of the heat-stable vitamin B, 
complex other than lactoflavin, and that a corresponding amount of a mixture 
of wheat and barley contains just sufficient of it to support satisfactory growth. 
Whether the missing substance is Goldberger’s pellagra-preventive factor is not 
ascertained by these experiments, but there is no reason to suppose otherwise. 
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l( — )x-HyDROXYGLUTARIC ACID was first recognized as a substrate of the inter- 
mediary metabolism of animal tissues by Thunberg [1920] who found that it 
reduced methylene blue in presence of washed frog muscle. Wishart [1923], 
working with the methylene blue technique, obtained extracts from skeletal 
muscle of ox and rabbit which showed a very weak activity towards hydroxy- 
glutaric acid, whereas Holmberg [1934] reported negative results with similar 
extracts. But apart from these few scattered observations the dehydrogenation 
of hydroxyglutaric acid seems to have passed unnoticed. 

In a forthcoming paper evidence will be presented that, anaerobically, a dis- 
mutation takes place between 2 mol. of «-ketoglutaric acid, one of which is 
oxidized to succinic acid and CO, and the other reduced to /(—)a«-hydroxy- 
glutaric acid. This fact seemed to shed new light on the significance of I(—)a«- 
hydroxyglutaric acid as a metabolite. A systematic study of its oxidation in 
animal tissues and of the properties of the oxidizing enzyme was therefore 
thought desirable. 


I. The oxidation of l( —)a-hydroxyglutaric acid by rat tissues 
The respiration of some tissues of the rat, in presence and in absence of 
l( — )a-hydroxyglutaric acid, is shown in Table I. The respiration of most tissues 


Table I. Respiration of rat tissues in presence and in absence of 1(—)a-hydroxy- 
glutaric acid. Phosphate saline. Slices, except diaphragm, intestine and testis 


Qo. 
Hydroxy- a 
Tissue glutarate Ist hr. 2nd hr. 3rd hr. 
Brain 0 - 68 - 39 —2-1 
M/50 - 83 — 46 —3-4 
Diaphragm 0 —- 53 —- 48 —4-0 
M/50 — 66 — 56 -4:7 
Heart 0 - 70 — 6-4 —5-4 
M/50 —12-1 — 10-4 —8-8 
Intestine 0 -— 42 —- 28 — 2:3 
M/50 —- 40 — 23 —2-0 
Jensen sarcoma 0 —10-6 — 93 -8-0 
M/50 — 10-3 —- 87 -7-9 
Liver 0 - 98 — 92 — 
M/50 —10-9 —10-9 — 
Kidney 0 — 15-2 — 11-5 —_ 
M/50 — 24-0 — 24-0 — 
Spleen 0 — 12:3 — 10-4 —7:8 
M/50 —11-0 — 91 7-5 
Testis 0 - 51 — 36 = 
M/50 - 60 — 50 — 


( 2080 ) 
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(especially heart and kidney) is substantially increased in presence of the sub- 
strate. No increase was found with spleen, intestine and Jensen sarcoma. 

Measurement of the metabolism of rat kidney slices by the Dickens-Simer 
bicarbonate technique [1931] revealed a rise of R.Q. from 0-84 to about unity 
and a considerable disappearance of acid groups in presence of hydroxyglutaric 
acid, facts which indicate a combustion of the substrate to CO, and H,O 
(Table II). If the metabolism of hydroxyglutaric and of «-ketoglutaric acid is 
compared with the metabolism of lactic and pyruvic acids in slices of rat kidney 
[Elliott et al. 1935], a close analogy appears of the figures for the two hydroxy- 
acids and of those for the two keto-acids. As has been pointed out by Elliott et al., 
it is difficult to account for the disappearance of acid groups merely on the basis 
of an oxidative removal. 


Table II. Metabolism of rat kidney slices in presence and in absence of 
(a) 1(—)a-hydroxyglutaric and (b) «-ketoglutaric acid. Dickens- 
Simer bicarbonate method. Duration of exp.: 3 hr. 


Theoret. 
Substrate Qo, Qcos R.Q. Qa-* R.Q. 
0 -170 14-2 0-84 - 1:50 — 
M/50 hydroxyglutarate — 28-6 28-0 0-98 — 9-55 1-11 
0 — 18-5 15-6 0-84 — 1:50 —— 
M/50 «-ketoglutarate — 38-5 46-4 1-20 ~— 21-5 1-25 
* Qre _ Qrcia groups * 


d( + )a-Hydroxyglutaric acid does not increase the respiration of tissue slices 
(Table ITT). 


Table III. Respiration of rat tissue slices in presence and in absence of 
d(+)a-hydroxyglutaric acid. Phosphate saline 


. Qoz 
Tissue Substrate ——nKr 
Ist hr. 2nd hr. 3rd hr. 
Brain 0 - 67 — 29 - 13 
M/50 d( + )«-hydroxyglutaric acid — 67 - 28 - 15 
Kidney 0 — 18-3 — 16-6 — 15-2 
M/50 d( +)«-hydroxyglutaric acid -—178 — 16-2 -1555 


II. The properties of hydroxyglutaric dehydrogenase 


(1) Preparation of the enzyme. Pig’s heart is the most suitable source of 
active extracts. The muscular tissue of one heart is minced, the mince thoroughly 
washed with tap water and finely ground with sand. The resulting paste is 
extracted for 20 min. at 37° in slightly alkaline medium. Most of the extracts 
used for the experiments to be described have been prepared with 5% 
Na,HPO,,12H,O, though it was found later that phosphate extraction is 
somewhat injurious to the enzyme. The most active preparations have been 
obtained by extracting the pulp from one heart with about 200 ml. M/10 
NaHCO, (Table IV). After squeezing through linen the extract is brought to 
pH 4-6 by addition of M/10 acetic acid (approx. 80 ml.). The precipitate is 
centrifuged off and washed twice with distilled water. It is finally resuspended 
in about 20 ml. M/15 veronal buffer of pH 8-2. In this form the enzyme is stable 
for about a week if kept at 0°. The precipitate can be dried, and the dry enzyme, 
if kept in vacuo at 0°, is stable for a much longer period. If the drying is carried 
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out quickly, there is little loss of activity. The precipitate is spread in a thin 
layer on Petri dishes and dried over P,O, in an efficient vacuum, the P,O, being 


renewed after a few hours. 


Table IV. Comparison of the activities of different extracts 


40 g. of heart pulp extracted with 100 ml. of solution, extract adjusted to pH 4-6 and pre- 
cipitate resuspended in M/15 veronal buffer pH 8-2. Final volume of suspension 20 ml. in each 
case. 2 ml. enzyme solution, 0-3 ml. M/50 pyocyanine and 0-2 ml. M I - )«-hydroxyglutarate per 


vessel. 
pl: O, uptake 
Extracted with 100 ml. of in 1 hr. 
M/10 bicarbonate 262 
M/40 bicarbonate + 5% CO, (pH 7-4) 209 
M/35 veronal buffer pH 8-0 202 
5% Na,HPO,,12H,O 147 
M/10 phosphate buffer pH 7-4 135 


(2) The reaction with oxygen. The mixture of enzyme and substrate takes up 
O, vigorously if pyocyanine is present as carrier. In presence of sufficient 
substrate the O, uptake does not fall off markedly for several hours. The system 
requires neither coenzymes nor a ketone fixative. 

(3) The product of oxidation. (a) End value of O, uptake: the O, uptake 
stops when exactly 0-5 mol. O, has been absorbed for 1 mol. of substrate (Fig. 1). 


pl. O, 





Hours 


Fig. 1. End value of O, uptake. 2 ml. enzyme, 0-5 ml. W/50 pyocyanine. I, 0-2 ml. M/10 I( — )a- 
hydroxyglutarate; I, 0-1 ml. M/101( — )x-hydroxyglutarate; III,0-1 ml. .W/201( — )«-hydroxy- 
glutarate. The dotted lines indicate the level of the theoretical end value for 0-5 mol. O, 


per mol. of hydroxyglutarate. 


(6) Formation of carbonyl groups: it can be shown that for each mol. of O, 
absorbed 2 CO— equiv. appear. CO— groups were estimated in the trichloro- 
acetic acid filtrate by titration of the bisulphite-binding power, using the 
modified method of Elliott e¢ al. [1935]. Instead of solid Na,HPO, which dis- 
solves very slowly, 10 ml. of .//2 solution have been used. Pyocyanine does 
not combine with bisulphite under the conditions employed, and its faint blue 
colour does not interfere with the iodine titration if a darker blue is chosen as 


the end point (Table V). 





pl. O,/30 min. 


«-HYDROXYGLUTARIC DEHYDROGENASE 2083 


Table V. Formation of carbonyl groups during hydroxyglutarate oxidation 
2 ml. enzyme, 0-3 ml. M/50 pyocyanine and 0-3 ml. M/2 hydroxyglutarate per vessel. 


Time of ul. O, uptake 


incubation (corrected Ratio 
hr. for blank) pl. carbonyl O, : carbonyl 
0 —_— 0 — 
1 130-5 252 1: 1-93 
2 242 484 1:20 
3 339 668 1: 1-97 
t 434 880 1: 2-03 


(c) Isolation of «-ketoglutaric acid: the absorption of 0-5 mol. O, and the 
formation of 1 CO— equiv. per mol. of hydroxyglutaric acid are consistent with the 
supposition that «-hydroxyglutaric acid is oxidized to «-ketoglutaric acid. Final 
proof was obtained by the isolation of the latter as 2:4-dinitrophenylhydrazone. 

To the extract from two hearts (120 ml.) were added 20 ml. M/50 pyocyanine 
and 20 ml. M hydroxyglutarate. The mixture was incubated at 37-5° for 7 hr. 
and O, was bubbied through at frequent intervals. After deproteinizing with 
trichloroacetic acid, 100 ml. of 1% 2:4-dinitrophenylhydrazine in 2N HCl were 
added to the filtrate. After 2 hr. at 0° the yellow precipitate was filtered off, 
redissolved in 8°% NaHCO, and the filtrate again precipitated with HCl. The 
product (1-164 g.) was twice recrystallized from ethyl acetate-ligroin mixture 
and 0-950 g. of pure «-ketoglutaric-2:4-dinitrophenylhydrazone was obtained. 
M.P. 223°, mixed M.P. 223° (uncorr.). (Found (Weiler): C, 40-69; H, 3-16; 
N, 17-2%. Cale. for C,,H,,O,N,: C, 40-44; H, 3-09; N, 17-18%.) 

(4) Kinetics. (a) Type of reaction: the substrate concentration, calculated 
from the absorption of O, and expressed logarithmically, decreases linearly, 
indicating a unimolecular reaction. 






0-200 
Molarity 


0-300 


Fig. 2. Fig. 3. 
Fig. 2. pH optimum. 1 ml. enzyme, suspended in water and neutralized with NaOH. 1 ml. M/10 
buffer (veronal buffer up to pH 8-5, glycine buffer for pH >8-5), 0-3 ml. M/50 pyocyanine, 
0-2 ml. M hydroxyglutarate. 


Fig. 3. Rate of reaction with varying substrate concentration. 2 ml. enzyme, 0-3 ml. M/50 
pyocyanine. Solutions of hydroxyglutarate and water to make total volume of 3 ml. 


(6) pH optimum: Fig. 2 shows the dependence of the rate of reaction on the 
pH of the solution. The optimum velocity is observed at pH 8-0-8-5, falling off 
rapidly in the more alkaline range. 
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(c) Influence of substrate concentration: the substrate concentration at 
which half the maximum velocity is attained is about /300. Full saturation 
of the enzyme is reached with a substrate concentration of M/30. Higher 
substrate concentrations do not inhibit (Fig. 3). 

(5) Optical specificity. d(+)x-Hydroxyglutaric acid is not attacked by the 
enzyme. Our sample of d(+)a-hydroxyglutaric acid was only 92% optically 
pure ({a]p of Na salt 7-2° instead of 8-6°). The small oxygen uptake is entirely 
accounted for by the contamination with 1(—)«-hydroxyglutaric acid (Table VI). 


Table VI. Activity of the enzyme towards the optical isomerides 
2 ml. enzyme, 0-3 ml. M/50 pyocyanine, 0-3 ml. M/5 substrate per vessel. 
pl. O, uptake 

Substrate 2 hr. 


l( — )x-Hydroxyglutarate 472 
d( +)a-Hydroxyglutarate 52 


(6) Formation of H,O.. The rate of reaction is apparently increased in the 
presence of cyanide. The effect varies with the concentration of cyanide, the 
concentration of the enzyme and the origin of the extract. It is most marked 
with extracts from brain, where the initial velocity can be more than doubled. 
But whereas the O, absorption is fairly linear in absence of cyanide, there is a 
marked fall in its presence (Fig. 4). The effect of cyanide is less with extracts 
from kidney or heart. Dilution of the enzyme increases it (Table VII). The 
optimum concentration of cyanide is about /30 (Table VIII). With lower con- 
centrations a short initial acceleration of the O, uptake is seen which is soon 
replaced by the normal rate. 


Table VII. Influence of enzyme concentration on cyanide effect 


Extract from pig’s heart. 0-2 ml. M/2 hydroxyglutarate and 0-3 ml. M/50 pyocyanine per 
vessel. Water to make 3 ml. ul. O, uptake (1 hr.) 


Without With 
0-2 ml. M 0-2 ml. M 
ml. enzyme cyanide cyanide % increase 
0-5 36 53 47 
2-0 218 266 22 


Table VIII. Influence of cyanide concentration on the effect of cyanide 


Extract from pig’s heart. 1 ml. enzyme, 0-5 ml. M/50 pyocyanine, 0-3 ml. M Hydroxy- 
glutarate per vessel. Water to make 3-2 ml. 
Concentration pl. O, uptake Ti(SO,). 
of cyanide 1 hr. °% increase reaction 
M/7 246 20-5 
M/30 258 26-5 
M/150 240 17-5 
M/450 214 5 
0 204 os 


The theoretical end value of the O, uptake is considerably exceeded in pre- 
sence of cyanide, though the reaction proceeds very slowly after the first 2 hr. 
and the O, uptake does not reach 200% of the theoretical value (Fig. 5). 

These facts suggest that the accelerating effect of cyanide is due to inhibition 
of catalase and accumulation of H,O,. The presence of H,O, was repeatedly 
demonstrated by the colour reaction with titanium sulphate: after depro- 








a-HYDROXYGLUTARIC DEHYDROGENASE 2085 


teinization with trichloroacetic acid the filtrate was made alkaline and pyo- 
cyanine was extracted exhaustively with chloroform. The colourless solution 
turned yellow on acidification and addition of a few drops of titanium sulphate 
solution. The controls without cyanide remained colourless. 





min. 
Fig. 4. Fig. 5. 


Fig. 4. Effect of cyanide on O, uptake. 2 ml.:enzyme from horse brain, 0-3 ml. //50 pyocyanine, 
0-3 ml. M hydroxyglutarate. I with, II without 0-1 ml. M cyanide. 


Fig. 5. End value of O, uptake in presence of cyanide. 2 ml. enzyme from pig’s heart, 0-5 ml. M/50 
pyocyanine, 0-1 ml. M/10 hydroxyglutarate. I with, II without 0-5 ml. M cyanide. The 
dotted line indicates the level of the theoretical end value. 


The formation of H,O, in reactions where an autoxidizable carrier is con- 
cerned is not surprising [cf. Reid, 1930]. It has been demonstrated for the 
hexosemonophosphate system with “yellow enzyme” as carrier [Warburg & 
Christian, 1933] and recently for the glycerophosphoric dehydrogenase with 
pyocyanine, methylene blue or brilliant cresyl blue as carrier [Weil-Malherbe, 
1937, 2]. 

The dehydrogenases which react directly with molecular O, without the 
intermediation of a carrier (‘‘aerobic’”’ dehydrogenases) also form H,O,. As 
Keilin & Hartree [1936] have shown, the H,O, can in these cases be utilized in 
secondary ‘‘coupled” oxidations, if catalase and a suitable substrate, e.g. the 
Nadi reagent or alcohol or haemoglobin [Bernheim et al. 1936], is present. It is 
often held that this coupled oxidation is an indicator for the formation of 
H,0,. But although H,O, is formed in the reactions quoted above, no coupling 
occurs in these cases. In the hydroxyglutaric system an O, uptake exceeding 
the theoretical value was never observed in absence of cyanide and could never 
be provoked by addition of alcohol. The mechanism which brings about the 
coupling, when “‘aerobic” dehydrogenases form H,O,, seems to be lacking in the 
“anaerobic” dehydrogenases. 

(7) Carriers. A large number of reversible redox systems, artificial and 
natural, have been tested for their carrier properties in the hydroxyglutaric 
acid-hydroxyglutaric dehydrogenase system. Of those tested pyocyanine and 
a few closely related substances were by far the most efficient carriers (Table IX). 
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This extraordinary specificity of the phenazine compounds is perhaps the 
strangest property of this enzyme. Dickens (unpublished) has found a similar 
superiority of phenazine compounds, compared with other artificial carriers, in 
the oxidation of hexosemonophosphate and phosphohexonate by yeast enzymes, 
though here “yellow enzyme” is an even more efficient carrier. In other dehy- 
drogenase systems pyocyanine is not superior to other carriers, e.g. in the lactic 
[Green & Brosteaux, 1936] or malic dehydrogenase systems [Green, 1936], and 
even inhibits succinic dehydrogenase [Weil-Malherbe, 1937, 1]. 


Table IX. Carrier activity of artificial oxidation-reduction indicators 
2 ml. enzyme, 0-3 ml. M/2 hydroxyglutarate, 0-5 ml. 1/100 redox indicator per vessel. All 
values corrected for blanks. 


pl. O, uptake 
1 hr. 


Carrier E,’ at pH 7-0 
0 — 22 
Pyocyanine — 0-034 202 
Thionine +0-062 49 
Brilliant cresyl blue +0-045 39 
Methylene blue +0-011 33-5 
Gallocyanine +0-021 26 
Methyl! Capri blue — 0-061 21 
Lactoflavin — 0-215 15 
Phenosafranine — 0-256 14 
Prune +0-05 14 
Acridine methochloride ? 9-5 


The potentials of many of the tested indicators are more positive than or 
very close to that of pyocyanine. They should therefore be thermodynamically 
capable of replacing pyocyanine. Its superiority must be attributed to its 
chemical properties. 

Phenazine methochloride shows an activity equal to that of pyocyanine: 
the corresponding ethyl compounds were found to be even slightly more active 
(Table X). The N-methyl- and N-ethyl-phenazines are autoxidizable at pH >7, 
the oxidation product being inactive. Experiments with these compounds have 
therefore to be carried out at pH 7. Even then a slow autoxidation takes place 
which was corrected for. 


Table X. Comparison of the carrier activities of N-methyl- and N-ethyl- 
phenazine and N-methyl- and N-ethyl-oxyphenazine 


2 ml. enzyme, 0-3 ml. M/2 hydroxyglutarate and 0-5 ml. of 0-25% phenazine compound per 
vessel. pH =7-0. Values corrected for blanks. 
pl. O, uptake 
Carrier 40 min. 
N-Methyl-«-oxyphenazine (pyocyanine) 115 
N-Ethyl-«-oxyphenazine 135-5 
Phenazine methochloride 111-5 
Phenazine ethosulphate 127 


Examination of a series of other phenazine compounds did not reveal any 
carrier of comparable activity (Table XI). It is noteworthy that the shifting of 
the oxygen atom from the «- to the f-position results in a complete loss of 
activity. 

In the systems studied by Dickens phenazine methochloride was greatly 
superior to pyocyanine. No such difference was found in the hydroxyglutaric 
system. The experiments of Table XII and Figs. 6 and 7 were made with different 
enzyme preparations and at different pH and are not strictly comparable, but 
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Table XI. Carrier activity of phenazine compounds 


2 ml. enzyme, 0-3 ml. M/2 hydroxyglutarate and 0-5 ml. of 0-5% phenazine compound per 
vessel. pH =8-2. 
pl. O, uptake 
Carrier 1 hr. 
0 7 
Pyocyanine (N-methyl-«-oxyphenazine) 196 
N-methyl-8-hydroxyphenazine 12 
N-ethyl-B-hydroxyphenazine 9 
0 27 
Pyocyanine 193 
N-methyl-N N’-dihydrophenazine-2-sulphonic acid 47 
2-Aminophenazinemethosulphate 46 
Na N-methylphenazinedisulphonate 46 
Chlororaphine 29 


0-002 0-004 
Molarity 
Fig. 6. Activity curve of pyocyanine. 2 ml. enzyme (pH 8-2), 0-2 ml. W hydroxyglutarate, 


solutions of pyocyanine and water to make a total volume of 3 ml. 


200 


0-002 
Molarity 


Fig. 7. Activity curve of phenazine methochloride. 2 ml. enzyme (pH 7-0), 0-2 ml. M hydroxy- 
glutarate, solutions of phenazine methochloride and water to make a total volume of 3 ml. 
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it is clear enough that the two curves are of the same type. The activity increases 
fairly linearly with increasing concentration of either catalyst throughout the 
range of concentrations studied. The turnover numbers (mol. O, per 0-5 mol. 
catalyst per min.) are of the same order of magnitude. 


Table XII. Catalytic activities of varying concentrations of 
pyocyanine and phenazine methochloride 


2 ml. enzyme and 0-2 ml. M hydroxyglutarate per vessel. Carrier solution and water to make 
2-7 ml. pH =8-2 in the case of pyocyanine and 7-0 in the case of phenazine methochloride. Values 
corrected for blanks. 

pl. pyocyanine pl. O, uptake Turnover no. 
210 mg. = 22400 yl. 1 hr. average over Ist hr. 


0 6 _ 
2-24 15-5 0-14 
4-48 22 0-12 
13-4 41-5 0-09 
44:8 119 0-08 
134 211 0-05 
224 248 0-04 
pl. phenazine 
methochloride 
230-5 mg. = 22400 ul. 
10-8 —_ 
2-24 17-1 0-09 
-48 21-9 0-08 
37-5 0-07 
82-3 0-05 
178-7 0-03 


None of the carriers mentioned above is known to be a normal constituent 
of animal cells. A number of natural redox systems have therefore been tested 
to ascertain if any of them can link the dehydrogenase with oxygen in the living 
cell. The results with cytochrome c, “yellow enzyme’’, adrenaline, ascorbic 
acid and glutathione (GSH) were completely negative. The same enzyme pre- 
paration was used as source of succinic and hydroxyglutaric dehydrogenases ; 
whereas cytochrome c brought about a tenfold increase of succinate oxidation, 
it was without effect on the hydroxyglutarate oxidation (Table XIII). This 
shows that the inactivity of cytochrome c in the latter case was not due to 
saturation of the enzyme preparation with cytochrome c. 


Table XIII. The action of cytochrome c on the oxidation of 
hydroxyglutarate and succinate 


2 ml. of a 10% solution of dried enzyme in M/15 veronal buffer pH 8-2 per vessel. 


pl. O, uptake 
Substrate Catalyst M cyanide 1 hr. 
0-3 ml. M/2 hydroxyglutarate 0 0 32 
0 0-2 ml. 35 
0-5 ml. cytochrome C 0 30 
0-5 ml. M/50 pyocyanine 0 232 

pl. O, uptake 

in 10 min. 


0-3 ml. M/2 succinate 0 29 
0 0 
0-5 ml. cytochrome C 390 
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A slow oxidation of hydroxyglutarate by the enzyme takes place even if no 
carrier is added. This blank reaction varies between 5 and 30yl. per hour. 
It is not influenced by cyanide, in strong contrast to the blank oxidation of 
succinic acid which is completely suppressed by cyanide (Table XIII). This 
affords additional evidence that cytochrome c does not react with this enzyme. 

The problem arises, by what mechanism is the blank oxidation of hydroxy- 
glutarate catalysed? It is very improbable that it is a direct reaction of the 
dehydrogenase with molecular O,. It would be of great importance for the 
elucidation of the natural activation mechanism of this enzyme to identify the 
carrier concerned. Its insensitivity towards cyanide rules out indophenol 
oxidase as part of the carrier system. But cytochrome components other than 
c are perhaps autoxidizable under the conditions of the experiment. Spectro- 
scopic analysis which was kindly carried out by Dr T. Mann, Cambridge, revealed 
indeed an almost instantaneous appearance of the band of reduced cytochrome a 
on addition of the substrate, which disappeared again on shaking with air. It 
is clear that the blank reaction is only a fraction of the maximum activity of the 
enzyme, and we have to assume that certain links in the carrier system have 
been removed or destroyed during the preparation. In spite of the inactivity 
of cytochrome c, the assumption is not improbable that, within the cell, the 
hydroxyglutaric dehydrogenase is linked with oxygen by a chain of cytochrome 
components. 

(8) Activators and inhibitors. Coenzymes. The action of hydroxyglutaric 
dehydrogenase requires no coenzyme. Addition of coenzyme I (diphospho- 
pyridinenucleotide), coenzyme II (triphosphopyridinenucleotide), adenosine- 
triphosphate or of a crude mixture of coenzymes from horse blood did not 
increase the activity. Table XIV shows the effect of adding coenzyme I on the 
oxidation of hydroxyglutarate, B-hydroxybutyrate and lactate by the same 
extract, demonstrating the absence of coenzyme from the enzyme preparation 
and the activity of the coenzyme preparation. 


Table XIV. Effect of coenzyme I on the oxidation of hydroxyglutarate, 
B-hydroxybutyrate and lactate 


2 ml. of the same extract per vessel. The hydroxyglutaric system contained in addition 0-2 ml. 
of M substrate, the B-hydroxybutyric system 0-2 ml. of M substrate (dl-) and 0-5 ml. of M/10 
pyrophosphate, the lactic system 0-2 ml. M substrate, 0-2 ml. of M cyanide and 0-1 ml. of M/50 





pyocyanine. 
ul. O, uptake in 30 min. a 
Without ~~”~*With 931 3 
ithout Jit 3c 
0-5 ml. of 0-2% 0-5 ml. of 0-2% EG 20 ‘ G 
coenzyme I coenzyme I att att ; 
System solution solution LARRABEE 
Hydroxyglutaric 5 7-5 
Hydroxyglutaric + 0-3 ml. M/50 pyocyanine 110 108 
f-Hydroxybutyric 0 101-5 
Lactic 2 249-5 


Several other combinations were tried: e.g. yellow enzyme was used together 
with coenzyme I or II; ascorbic acid or glutathione or both together were added 
in presence of pyocyanine, but no activation could ever be observed. Further- 
more, it could be shown that no diffusible or dissociable component is contained 
in extracts from unwashed tissue. When these were dialysed for different periods 
the rate of hydroxyglutarate oxidation did not diminish, but rather increased 
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(Table XV). Similarly the blank reaction rose, the more often the pH 4-6-pre- 
cipitate was washed with distilled water (Table X VI). This shows that no soluble 
coenzyme or carrier has been removed. 


Table XV. Influence of dialysis on the oxidation of hydroxyglutarate by a 
phosphate extract of sheep's kidney 


50 g. of minced sheep’s kidney incubated with 200 ml. of 5% Na,HPO,,12H,O at 37-5° for 
20 min. Extract dialysed in cellophane sac against running tap water. 2 ml. extract per vessel. 


pl. O, uptake in 1 hr. 


errr 
Without With 
0-3 ml. M/2 0-3 ml. M/2 
Extract hydroxyglutarate hydroxyglutarate 
Not dialysed 48 56 
3 hr. dialysis 31 69-5 
16 hr. dialysis 23 66 


Table XVI. Influence of washing the enzyme precipitate (pH 4-6) 
on the blank reaction 


The precipitate of one extract was divided into 3 equal parts. After washing they were re- 
suspended in equal volumes of M/15 veronal buffer pH 8-2. 2 ml. of enzyme solution per vessel. 


ul. O, uptake (2 hr.) 


SS ees 
Without With 
0-3 ml. M/2 0-3 ml. M/2 
Number of washings hydroxyglutarate hydroxyglutarate 
0 75 6 
1 11-5 17 
2 7 38 


The actions of various inhibitors and of structurally related substances are 
summarized in Table XVII. The strongest inhibitors found were iodoacetic and 
oxalic acids. «-Ketoglutaric acid has but a small effect. The small inhibition by 
pyrophosphate is worth mentioning in view of the paper of Leloir & Dixon [1937], 
who found that only succinic dehydrogenase was inhibited by pyrophosphate. 


Table XVII. Action of inhibitors on the hydroxyglutaric system 
2 ml. enzyme, 0-3 ml. M/2 hydroxyglutarate and 0-3 ml. M/50 pyocyanine per vessel. 


Inhibitor % inhibition 
M/60 arsenious oxide 6 
M/35 sodium fluoride 0 
M/60 iodoacetic acid 81-5 
M/30 oxalic acid 83 
M/20 tartronic acid 34 
M/20 maleic acid 16 
M/20 malonic acid 27 
M/20 «-ketoglutaric acid 20 
M/60 pyrophosphate 22 
M/30 citric acid 20 
M/20 I +)-glutamic acid 0 
M/30 d( +)a-hydroxyglutaric acid 0 
M/30 glutaric acid 0 


(9) Distribution. A comparison of extracts obtained from different sources 
was made in the following way: the tissue was minced, the mince washed and 
finely ground with sand in the usual way. The resulting paste was weighed 
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(g grams) and incubated with 2 parts of 5% Na,HPO,,12H,O at 37-5° for 
20 min. The extract, clarified by centrifuging, was adjusted to pH 4-6 with 
acetic acid, the precipitate was centrifuged, washed and resuspended in M/15 
veronal buffer of pH 8-2. The volume of the final suspension was measured 
(v ml.). 2 ml.+0-3 ml. M/50 pyocyanine were incubated with and without the 
substrate (0-3 ml. M/2 hydroxyglutarate) and the O, uptake measured for | hr. 
The difference of the two values (x pl.) divided by the ratio g/v is called activity 
quotient in Table XVIII (activity quotient =xv/g). 


Table XVIII. Comparison of the contents of hydroxyglutaric 
dehydrogenase in different tissue extracts 


Experimental arrangement, see text. 


Activity 
Animal Tissue quotient 
Pig Heart 130 
Rabbit Heart 91 
Kidney 53 
Liver 30 
Brain 13-4 
Lung 3-6 
Skeletal muscle (white) 2-5 
Spleen 0 
Rat Heart 58 
Liver 30 
Spleen 0 
Jensen sarcoma 0 


The enzyme was found in almost every organ with the exception of spleen 
and Jensen sarcoma. There is thus a fairly close agreement with the results 
of the tissue slice experiments. 

(10) Reversibility and potential. The anaerobic reduction of a series of redox 
potential indicators by the hydroxyglutaric system has been tested in Warburg 
manometer vessels in an atmosphere of N, with a stick of yellow phosphorus in 
the centre well. Substrate+dye were added from the side bulb after the 
absorption of traces of O, had ceased. The following indicators with E,’ above 
—0-04 were completely reduced both by hydroxyglutaric acid alone and by 
mixtures of hydroxyglutaric and ketoglutaric acids up to a ratio of 1:9: 
thionine, brilliant cresyl blue, methylene blue and pyocyanine. Methyl Capri 
blue (Z,’= —0-061) was completely reduced by hydroxyglutaric acid, but only 
partially by a 1:4 mixture of hydroxyglutaric and ketoglutaric acids. Ethyl 
Capri blue (Zy’= —0-072) was only partially reduced by hydroxyglutaric acid 
and not at all by a mixture of hydroxy- and keto-glutaric acids. No reduction 
was observed with a series of indicators of a more negative potential. These 
results are such as would be expected for a thermodynamically reversible redox 
system with a normal potential in the region of —0-07. But it was never possible 
to demonstrate the reversibility directly by adding an excess of the oxidant after 
decoloration of the indicator by the reductant was completed. The indicators 
whose potential is closest to the expected potential of the enzyme system are 
methyl and ethyl Capri blue. They belong to those carriers which, if tested 
aerobically, even appear to inhibit the reaction. Their toxic action may cause 
the enzyme to lose its activity before reoxidation of the dye can occur. The 
direct electrometric measurement of the potential of the system was of course 
frustrated by the impossibility of finding a suitable indicator.* 


1 [ wish to thank Dr D. E. Green for his helpful advice in this matter. 


132—2 








2092 H. WEIL-MALHERBE 


The reversibility of the system was, however, demonstrated by an indirect 
method. Dewan & Green [1937] and Green & Dewan [1937] found that coenzyme 
I has a very negative potential and that its reduced form can be oxidized by the 
oxidant of systems which, by virtue of their too positive potentials, are unable 
to reduce oxidized coenzyme I, e.g. the succinic system. They showed that co- 
enzyme I links this and other systems with more negative donator systems, e.g. 
the B-hydroxybutyric system. 

The hydroxyglutaric system can be linked in this way with the hydroxy- 
butyric system. If «-ketoglutaric acid, B-hydroxybutyric acid and coenzyme I are 
incubated anaerobically with the enzyme mixture, some oxidation of hydroxy- 
butyric to acetoacetic acid occurs. It must be concluded that a reduction of 
ketoglutaric to hydroxyglutaric acid corresponds to this oxidation. The effect is 
smaller than with pyruvic or fumaric acid, but it is outside any possible experi- 
mental error and gives sufficient proof of the reversibility of the hydroxyglutaric 
system (Table XIX). For these experiments, the precipitated enzyme was 
resuspended in a phosphate buffer pH 7-4, as the B-hydroxybutyric dehydro- 
genase is very susceptible to a more alkaline medium. The estimation of aceto- 
acetic acid was carried out according to Dewan & Green [1937]. 

An attempt was made to link the hydroxyglutaric system by coenzyme I 
with the lactic system as donator. Provision had to be made for removal of any 
pyruvic acid formed from the reaction mixture to eliminate its inhibiting in- 
fluence on the reaction [Green & Brosteaux, 1936]. Since ketone fixatives could 
not be used in the presence of «-ketoglutaric acid, a preparation of carboxylase 
made from Newcastle Brewery’s top yeast according to Axmacher & Bergster- 
mann [1934] was added. Pyruvic acid was decomposed by this preparation most 
vigorously whereas «-ketoglutaric acid was attacked much more slowly [cf. 
Westerkamp, 1933]. Any formation of pyruvic acid should therefore have led 
to an increased CO, evolution compared with that from «-ketoglutaric acid 


alone. The result, however, was negative. 
Table XIX. Oxidoreduction between the B-hydroxybutyric 
system and various acceptor systems 
1 2 3 4 
2. 2. 2-0 


or 
=O 


ml, enzyme suspension 

ml. 0-3% coenzyme I 

ml. M dl-B-hydroxybutyrate ) 
ml. M/2 «-ketoglutarate 2 2 
ml. M/2 pyruvate 
ml. M/2 fumarate 
ml. water 


oot 
nwoac 
ocr 
Nwoaoc 


4 
| | 


> 
bo 





bo 





| = 


pl. acetoacetic acid (90 min.) 
Exp. 1 17 
Exp. 2 13 
Exp. 3 30 


Discussion 


Classification of the enzyme. Green & Brosteaux [1936] have divided the 
anaerobic dehydrogenases into two classes, the cytochrome- and the coenzyme- 
dehydrogenase systems. Hydroxyglutaric dehydrogenase seems to fit into neither 
of these categories. The evidence that neither coenzyme I nor coenzyme II 
catalyses the reaction is conclusive. But on the other hand it has to be borne 
in mind that the addition of cytochrome c is only a very fragmentary recon- 
struction of the full cytochrome catalysis in the living cell, where at least two 
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more components, cytochromes A and B, participate. It is therefore possible 
that hydroxyglutaric dehydrogenase belongs to the class of cytochrome dehydro- 
genases in spite of the impossibility of linking it with cytochrome C in vitro. 
The fact that cytochrome A is rapidly reduced by the system certainly supports 
this hypothesis. 

The origin of «-hydroxyglutaric acid in the animal metabolism. The reduction 
of «-ketoglutaric acid is the only established reaction in animal metabolism 
which leads to the formation of l(—)«-hydroxyglutaric acid. An enzyme has 
been described in yeast [Neuberg & Collatz, 1930], in B. coli [Veibel, 1931] and 
in pea seedlings [Mayer, 1931], which brings about a dismutation of methyl- 
glyoxalylacetic acid to «-hydroxyglutaric acid. But it is the enantiomorph, 
d(+)a-hydroxyglutarice acid, which is formed in this reaction, and it has been 
shown that the hydroxyglutaric dehydrogenase of animal tissues is only capable 
of activating the /-form. Mayer [1931] discusses the formation of methyl- 
glyoxalylacetic acid from fructose via laevulic acid. Some experiments which 
have been carried out to test this hypothesis showed that neither laevulic acid 
nor methylglyoxalylacetic acid is metabolized by animal tissues. 

Recent work [Weil-Malherbe, 1936; 1937, 1; Krebs & Johnson, 1937] has 
made it clear that ketoglutaric acid is a very important intermediate in the 
later stages of substrate oxidation. Since it can be reduced in a reversible 
reaction, it has to be added to the number of potential hydrogen acceptors by 
which an anaerobic metabolism is, to a certain extent, made possible. The 
reversibility of the hydroxyglutaric dehydrogenase shows that the reduction can 
be catalysed by this enzyme. It is still uncertain if there is another mechanism 
operating, e.g. a mutase action, by which the decarboxylation of «-ketoglutaric 
acid may be coupled with its reduction. 

Activity of the enzyme. It is difficult to compare the activity of hydroxy- 
glutaric dehydrogenase with that of other dehydrogenases as long as the 
mechanism of its maximum activation is not known. An entirely wrong im- 
pression would have been obtained if, for example, methylene blue had been 
used instead of pyocyanine. We do not know, however, whether the activation 
by pyocyanine really represents the optimum or whether it could not be further 
increased by the use of its natural carrier, as yet unknown. Assuming that with 
pyocyanine the optimum activation is approximately reached it must be admitted 
that the activity of the enzyme is smaller than that of other dehydrogenases. If 
the same extract from pig’s heart is used as preparation of the dehydrogenases it 
appears that the initial rate of reaction of the hydroxyglutaric dehydrogenase is 
about 10 times smaller than that of succinic dehydrogenase and about 3 times 
smaller than that of lactic or malic dehydrogenase, while it is about equal to that 
of B-hydroxybutyric dehydrogenase. 


Preparations and acknowledgements 


l( — )x-Hydroxyglutaric acid was prepared according to Fischer & Moreschi [1912]. [«]p of the 
Na salt — 8-66° (Fischer & Moreschi 8-65). d(+)x-Hydroxyglutaric acid was made from «-chloro- 
glutaric acid by the method of Fischer & Moreschi, whereas for the preparation of «-chloroglutaric 
acid the method of Jochem [1900] was found preferable. «-Ketoglutaric acid was prepared accord- 
ing to Neuberg & Ringer [1915]. Since the recrystallization presented difficulties, the acid was 
converted into the calcium salt, acidified, extracted with ether and the ether removed in vacuo. 
M.P. 113°. 

Cytochrome c was prepared from baker’s yeast [Keilin, 1933], as was coenzyme I [Myrbick & 
Oertenblad, 1935]. ACo of the coenzyme preparation approx. 100,000. Adenosinetriphosphate 
was made by the method of Lohmann [1931]. Yellow enzyme and coenzyme II (purity 1) were 
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given to Dr Dickens by Prof. Warburg. The crude mixture of coenzymes from horse blood was 
prepared by Dr Dickens according to Warburg et al. [1935]. Phenazine derivatives (with the 
exception of pyocyanine which was a Hoffmann-La Roche product) were prepared by Dr H. 
Mcllwain, Armstrong College. Lactoflavin was presented by Bayer Products, Ltd. 


SUMMARY 


l(—)x-Hydroxyglutaric acid is oxidized to «-ketoglutaric acid by a de- 
hydrogenase which is found in many animal tissues. The properties of this 
enzyme have been studied in detail. Its action does not depend upon any co- 
enzyme. A carrier is necessary for the reaction with molecular oxygen; pyo- 
cyanine and a few closely related phenazine derivatives were found most active, 
whereas cytochrome C is inactive. H,O, is formed during the reaction with 
oxygen and can be demonstrated in presence of cyanide. 

The enzyme action is reversible. The potential of the system lies probably 
in the neighbourhood of —0-07, though a direct measurement was not possible. 

The optical isomeride, d(+)«-hydroxyglutaric acid, is not attacked by the 
dehydrogenase. 
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SzENT-GyO6reyI and his co-workers [1935; 1936] and Stare & Baumann [1936] 
have recently shown that certain simple organic molecules such as fumarate, 
oxaloacetate and pyruvate take part as catalysts in cellular respiration. The 
function of these catalysts in respiration can be conveniently formulated as 
transport of hydrogen and for our present purpose they will therefore be termed 
“hydrogen carriérs”’. 

An attempt is made in this paper to analyse the role of this type of hydrogen 
carriers in the respiration of Bact. coli commune. The experiments aimed at 
elucidating the following points: 

1. Which substances act as hydrogen carriers in the cell? 

2. The rate of hydrogen transport by a given carrier. 

3. The nature of the chemical grouping donating hydrogen to the carrier. 

4. The nature of the chemical grouping accepting hydrogen from the 
carrier. 

5. The significance of a given carrier in cellular respiration. 

These five points will be referred to later as the ‘‘ programme” of this paper. 
Only in some special cases was it possible to find the answer to all five questions. 
In other cases the analysis had to remain incomplete owing to the experimental 
difficulties which arise from the complex and involved nature of the che1aical 


organization of the cell. 


§I. THE PRINCIPLE OF THE METHOD 


Neglecting the role of the enzymes concerned with the ‘activation of organic 
molecules” and the “activation of oxygen” we may describe the function of 
intermediary hydrogen carriers in respiration as follows: 

(1) Substrate + carrier =reduced carrier + oxidized substrate. 

(2) Reduced carrier + O,= carrier + H,O. 

“Carrier”? and ‘“‘reduced carrier” cancel out in the balance sheet of (1) 
and (2) and the net effect is the oxidation of the substrate: 

(3) Substrate + O,= oxidized substrate + H,O. 

The function of carriers can best be studied when it is possible to separate 
reaction (1) from (2) and to investigate the partial steps singly. Such a separation 
can be realized, for experimental purposes, on the basis of the following con- 
siderations. 

The partial reaction (2) can be eliminated, obviously, by working anaero- 
bically. Withdrawal of oxygen, however, will also check reaction (1); for the 
physiological concentration of the carrier, like that of other catalysts, is low and 
the available quantity will be rapidly consumed. We add therefore carrier from 
outside to the system. If an excess of carrier is present, reaction (1) will take 
place independently of reaction (2), ie. in the absence of O,. By adding the 
carrier and working anaerobically we thus separate (1) from (2). 

( 2095 ) 
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Since “oxidized substrate” in (1) is, in the majority of cases, carbon dioxide, 
the rate of (1) can be measured manometrically and this principle makes it 
therefore simple to test whether a given substance can act as carrier. We add 
the supposed carrier to the cells under anaerobic conditions and measure, 
suitably controlled, the carbon dioxide output caused by the substance. Ad- 
ditional proof, of course, may be obtained from the determination of the other 
reactants in (1), for instance of the reduced carrier, or of the “‘substrate”’. 

A positive test, e.g. an increased carbon dioxide production, indicates that 
the substance can act as hydrogen acceptor but it does not yet suffice to establish 
its function as carrier. The identification of the carrier, i.e. point 1 of the pro- 
gramme, has to include three tests, namely the investigations of reaction (1) 
and of reaction (2) and the demonstration of the occurrence of the supposed 
carrier in the cells. 

If the tests are carried out with quantitative methods we can calculate 
the absolute activity of the carrier from the data and answer point 2 of the 
programme. Of the two reactions (1) and (2) the slower limits the catalytic 
activity of the carrier. The absolute activity, however, is often of less interest 
than the activity of the carrier in relation to cellular respiration. If we want 
information about the possible function of a carrier in cellular respiration, i.e. 
point 5 of the programme, we have to compare the activity of the carrier with 
the total respiratory activity of the cell in the presence of molecular oxygen 
(reaction (3)). We combine, therefore, our first test with a parallel determination 
of the rate of the aerobic respiration. Since (3) has to be compared with (1) it is 
advisable to measure (3) and (1) in the same units, for instance in terms of 
carbon dioxide produced. 

This procedure which is generally applicable to any carrier and to any cell 
provides data to settle points 1, 2 and 5 of the programme. 

Point 3 can be investigated either by the identification of the products of 
oxidation, or by indirect methods explained in § III 14. Point 4 requires a 
study of the metabolic behaviour of the oxidized carrier in the cell. The most 
important point in this respect is the question whether the oxidized carrier 
reacts directly with “activated oxygen” or through the intermediation of other 
carriers. 

§ II. GENERAL ASPECTS OF THE EXPERIMENTAL PROCEDURE 


1. Bacteria 


Several strains of Bact. coli commune were obtained from Prof. J. W. 
Edington and Dr J. MacA. Croll of the Department of Bacteriology of this 
University. The standard medium in which the bacteria were cultivated was 
a broth containing 1% “‘lemco” meat extract, 1% peptone (difco), 0-5% yeast 
extract (difeo) and 0-5% NaCl. Aerobic cultures were grown in Roux culture 
flasks on broth containing 3% agar. After 20 hr. incubation at 37° the culture 
was rinsed off with 0-9°% NaCl and washed at the centrifuge. “‘ Anaerobic” 
cultures, which we grew in order to have an organism containing active hydro- 
genlyase, were cultivated in 1 1. boiling flasks, which were filled with medium up 
to the neck; 2% glucose and 2% sodium formate were added to the broth. 
With these two substrates a good crop of bacteria resulted since the medium 
remains fairly neutral during the incubation: the acid- produced by glucose is 
neutralized by the bicarbonate formed from formate [Grey, 1924]. 1 1. broth 
yielded about 400 mg. dry bacteria in 20 hr. 

After washing, stock suspensions of the bacteria in 0-9°% NaCl were 
prepared, and the concentration of the bacteria was determined by measuring 
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their dry weight. The stock suspensions were kept up to a week in the 
refrigerator, and during this period no decrease of their original metabolic 
activity was noted. 


2. Quantitative determination of succinic acid 


The method used is in principle that of Szent-Gyérgyi & Gézsy [1935]. 
Succinie acid is extracted from the solution with ether and determined by 
’ measuring the oxygen necessary for the oxidation of succinate to fumarate in 
the presence of succinic dehydrogenase. 

(a) Extraction. Continuous extractors of the Kutscher-Steudel [1903] type 
with interchangeable glass joints were used. Ether was kept over sodium and 
freshly distilled immediately before the extraction. It is important that the 
ether should be free from peroxide, since peroxide in the extract reacts with the 
catalase in the succinic dehydrogenase preparation and thus interferes with the 
manometric determination. The solution from which succinic acid was to be 
extracted was acidified with 1/5 vol. of 50% H,SO, and 1/10 vol. 10% sodium 
tungstate was added to prevent frothing during the extraction. The time neces- 
sary for complete extraction under our conditions was found to be about 30- 
60 min. It varies with the shape of the extractor, the depth of the aqueous 
layer, the rate of boiling and the temperature. The higher the temperature the 
less favourable are the conditions for extraction [Forbes & Coolidge, 1919]. In 
order to secure complete extraction we continued the process for 120 min. 
After extraction, 2 ml. of phosphate buffer (//10, pH 7-4) were added to the 
extract and the ether was evaporated on the steam-bath, until the aqueous 
phase was reduced to about 1 ml. It is essential to remove the ether completely. 
The residual solution was quantitatively transferred to a graduated 5 or 10 ml. 
measuring cylinder. Small quantities of phosphate buffer (pH 7-4, M/10) were 
used for washings, so that the total volume did not exceed 2 or 3 ml. The extract 
should be neutral. 

(b) Succinic dehydrogenase. Muscle tissue (pigeon’s breast muscle, pig’s 
heart) is finely minced in a Latapie mincer and thoroughly washed with distilled 
water which is filtered off through muslin. Usually 3 washings with 10 vol. of 
water are sufficient. The washed tissue, suspended in 5 vol. of phosphate buffer 
(pH 7-4, M/10) serves as the enzyme preparation. In order to secure a complete 
oxidation of succinate very active preparations must be used. The enzyme is 
inhibited by fumarate, and if the relative activity of the preparation is low the 
oxidation remains incomplete owing to the inhibitory effect of fumarate. The 
inhibitory effect appears to be less in a fresh preparation of the enzyme than in 
suspensions which have been kept for about a week. It is therefore advisable 
only to use fresh suspensions which have not been kept for more than 4 days. 

(c) Specificity. So far, we know only four substances which are oxidized 
by this preparation, viz. succinate, methylsuccinate [Thunberg, 1933], «-glycero- 
phosphate [Green, 1936, 1] and d(—)glutamic acid [Weil-Malherbe, 1937]. The 
rate of oxidation of «-glycerophosphate is very low, in pigeon muscle about 
1/50 of that of succinate, in some other muscles even less. The oxidation of 
d( — )glutamic acid is also very slow. Since «-glycerophosphate and d(—)glutamic 
acid are not extracted with ether these substances do not interfere in our method. 
The presence in the washed muscle of further dehydrogenases is immaterial 
since they require coenzymes which are absent from the ethereal extract; the 
separation of succinate from the coenzymes is in fact the main object of the 


extraction. 
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That methylsuccinate is oxidized in the presence of succinic dehydrogenase 
was shown by Thunberg [1933] with the methylene blue technique. We find a 
measurable oxygen uptake under our experimental conditions if dl-methy]l- 
succinate is added to the enzyme. The rate of oxygen uptake, however, is 
extremely slow, amounting to about 0-5-3% of that of succinate oxidation. 
Moreover the affinity of the enzyme for methylsuccinate is very low. Increasing 
the concentration of the substrate from M/500 to M/250 doubles the rate of 
reaction, indicating that the enzyme is not saturated with substrate over this 
range of concentrations. 

Since methylsuccinate has not been found in biological material and «-glycero- 
phosphate and d(—)glutamate are separated from succinate by the ethereal 
extraction the actual specificity of the enzymic method is very high. 

(d) Manometric determination. Conical cups provided with side-arms and a 
centre chamber are used. The side-arm should be large enough to hold 1-1-5 ml. 
liquid. Into the main part 4 ml. of the enzyme preparation are measured; an 
aliquot part of the extract (0-5-1-5 ml.) is placed in the side-arm and 0-2 ml. 
2N NaOH in the centre chamber. A blank is necessary to eliminate the oxygen 
uptake of the enzyme. This correction is very small, about 1 or 2 yl. O, per ml. 
enzyme per hour. 

(e) Treatment of solution prior to extraction. Szent-Gyérgyi & Goézsy [1935] 
recommend treatment with permanganate in order to remove substances which 
may be oxidized in the presence of washed muscle. We have, however, abandoned 
permanganate treatment since we find, as a rule, more succinate after perman- 
ganate treatment. Substances which we find to yield succinate on treatment 
with cold or hot permanganate in acid solution are glutamic acid, «-hydroxy- 
and «-keto-glutaric acids and it is probable that derivatives of these compounds 
such as glutathione react similarly. Since, on the other hand, no substance is 
yet known to react like succinate we discarded the permanganate treatment as 
it is unnecessary and introduces errors. 


Table I. Recovery of succinic acid 


Succinic acid Observed O, Calculated O, 
added uptake uptake % of 
mg. pl. pl. theory 
0-247 23-2 23-5 99 
0-494 46-0 47-0 98 
0-988 88-5 94-0 93 
1-97 178-7 188-0 95 
3-96 366-0 376-0 98 
1-97 195-0 188-0 96 
1-97 182-0 188-0 97 
0-494 45-7 47-0 97 
1-97 179-0 188-0 95 


(f) Recovery of succinate. In Table I a few recovery experiments are recorded 
and it will be seen that the recovery of added succinate is satisfactory, the 
average being 96-5 %. , 

(9) Malonate test. Szent-Gyérgyi & Gézsy [1935] suggested that the specific 
inhibitory effect of malonate on succinic dehydrogenase might be used for the 
identification of succinate. This effect is indeed additional evidence establishing 
the identity of succinate. We have carried out the test in a great number of 
determinations, but as we find the inhibition always of the expected magnitude, 
there seems to be no other oxidizable substance but succinate present in our 
material. The test is therefore not necessary in routine determinations. 





oe 





ROLE OF FUMARATE IN RESPIRATION 2099 


3. Absorption of oxygen in anaerobic experiments 


In order to secure complete anaerobiosis a stick of yellow phosphorus was 
placed in the centre cup of the manometric flask. 

If both carbon dioxide and oxygen were to be absorbed, alkaline hydro- 
sulphite (1 g. Na,S,0,+0-1 g. Na anthraquinone-f-sulphonate + 0-8 g. NaOH per 
10 ml.) was used as absorbent. 

4. Calculations 


Deduction of blanks. Experiments on bacterial oxidations are often com- 
plicated by the fact that more than one oxidizable substrate is present in the 
cells. Apart from the substrate, added for experimental purposes, intracellular 
substrates may be present. The presence of such substrates is indicated by the 
respiration which occurs without the addition of a substrate. Even prolonged 
washing and aeration do not remove this “blank” respiration, and the question 
arises whether the blank respiration and the oxidation of added substances are 
independent of one another, and therefore additive, or whether they affect each 
other. If there is a competition between the two substrates, the added substrate 
will diminish or completely prevent the oxidation of the intracellular substrates 
so that the total oxygen consumption may be due to the oxidation of the added 
substrate. In a similar way it is necessary to consider how the oxidation of one 
added substrate is affected by the addition of a second substrate. We have 
tried to settle this problem experimentally by three methods. First we com- 
pared the effects on the oxygen consumption of the addition of two or more 
substrates. This method decides between additive and competitive oxidation 
of two added substrates but does not elucidate the behaviour of the blank 
respiration. . 

Experiments of this kind are given in Table II. Since Bact. coli oxidizes a 
great number of different substances there are very many experimental possi- 
bilities of combining various oxidizable substrates. We include in Table II only 
a few of those which we have carried out. It will be seen that in some cases the 
effects of adding several substrates are additive, in others they are competitive. 
The results may be summarized thus: 

(1) No significant summation occurs if glucose or lactate is present together 
with acetate, glycerol or fumarate. 

(2) Significant, but not complete, summation occurs in some experiments 
with lactate, succinate and formate, especially if two or all three of these 
substances are brought together. 

(3) With most substrates the rate of oxidation increases with time, as 
observed previously by Cook & Haldane [1931]. With succinate, however, the 
rate is fairly constant, and with formate it falls off. 

These facts will be further discussed in § VIII 1. 

Asecond method for studying additive or competitive oxidations is the deter- 
mination of the quotient (free CO, formed)/(O, used). With this method it can be 
decided, in some cases, whether the blank respiration competes with the oxidation 
of added substances. The ratio CO,/O, of the blank respiration is usually about 
0-9. If the added substrate is the salt of an organic acid, the ratio CO,/O, differs 
often very considerably from that of the blank respiration. For instance, the 
carbon dioxide formed from acetate in the initial stages of the oxidation (see 
Table ITI) is not free but in the form of bicarbonate. 

The ratio CO,/O, can be determined manometrically according to the prin- 
ciples developed by Warburg & Negelein [1921]. Two suspensions, one in phos- 
phate buffer and one in bicarbonate and CO, buffer of the same pH are used. 
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Table II. Additive and competitive oxidations in Bact. coli commune 


40°. Phosphate buffer M/10 pH 6-5. Final concentration of the substrate 0-01 M. The sub- 
strate was added to the bacterial suspension at 0 min. (after equilibration). Each flask contained 
1-5 mg. bacteria. The 40 min. figure equals therefore Qo,. 


pl. O, absorbed after 
A 





c Sa 
Substance added 10 min. 20 min. 40 min. 60 min. 

— 10 18 33-5 50 
Glucose 39 88 200 328 
Fumarate 17-5 46 106 162 
Acetate 24-5 59 134 213 
Glycerol 32 73 165 262 
Succinate 49 103 207 302 
Formate 31 59 99 126 
Lactate 51°5 115 264 429 
Lactate + glucose 61 136 301 466 
Lactate + fumarate 50 129 268 424 
Lactate + acetate 52 125 282 445 
Lactate + glycerol 58 132 291 450 
Lactate + succinate 77 170 362 538 
Lactate + formate 67 146 306 472 
Succinate + glucose 70 150 318 465 
Succinate + fumarate 32 76 160 221 
Succinate + acetate 51 105 207 282 
Succinate + glycerol 76 165 343 495 
Succinate + formate 69 138 252 342 
Glucose + fumarate 44 104 228 354 
Glucose + acetate ’ 41 97 219 357 
Glucose + glycerol Ad 97 209 326 
Glucose + formate 55 118 227 368 
Formate + fumarate 47 101 180 241 
Formate + acetate 45 92 175 254 


Succinate + formate + lactate 86 186 372 — 


In phosphate buffer, with caustic soda in the centre cup, the change of pressure 
is due solely to the absorption of oxygen, since the carbon dioxide produced is 
absorbed. In the bicarbonate buffer, the change of pressure is due to oxygen 
consumption and carbon dioxide production. If the metabolic processes are 
identical in phosphate and bicarbonate buffer (which is generally the case) we 
can calculate the free carbon dioxide produced in the following way: 


Let h,;=pressure observed in phosphate buffer, 


hy;=pressure observed in bicarbonate buffer (during 
the same period), 


Ki, K(o,, Kb, K %,=the constants for the manometer in which h; and 
hy; are measured ; 
then (4) Xo,=hy Ki, 
pM ” K a II 
(5) Xco,=(4n—Ayeat) K oo,- 
_ K Oz > 


As it is desirable in many cases to know also the change in bicarbonate, we 
determined the bicarbonate by adding an excess of acid to the solution at the 
beginning and at the end of the experiment. Two flasks, one for the initial and 
one for the final bicarbonate, are necessary. The complete experimental arrange- 
ment will be seen from Table ITI. 

The experiment shows that the ratio (free CO,)/O, is about 0-8 in the blank. 
It remains the same throughout the experiment. With acetate, the ratio 
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(total CO,)/O, calculated for the total tissue is (244 yl. free CO,+218 yl. bicar- 
bonate)/470 ul. O,=0-98. Of special interest is the time curve of the formation 
of free CO,: very little free CO, is formed in the initia] stages of the oxidation, 
while in the later stages the ratio (free CO,)/O, is nearly 1-0. This shows that the 
oxidation of acetate proceeds by stages. In the first stage bicarbonate is set 
free, in the second stage carbon dioxide. 

The fact that there is no free carbon dioxide formed in the presence of 
acetate in the initial stage shows that acetate inhibits the blank respiration. It 
is therefore not correct to deduct the blank respiration for the calculation of the 
ratio O, used/acetate added [v. Cook & Stephenson, 1928]. An accurate method 
of calculating this ratio is not available. An approximation is obtained on the 
assumption that the total oxygen consumed after addition of acetate is used for 
the oxidation of acetate as long as the rate of oxidation is maintained above the 
level of the blank oxidation. On the basis of this assumption it would be expected 
that the rate would fall to that of the control after absorption of 448 yl. oxygen 
and production of 224 wl. free CO, and 244 wl. bicarbonate. The time curve 
shows that this is approximately the case. We come thus to the conclusion that 
the oxidation of acetate is complete; this result, however, should not be genera- 
lized—each substrate has to be examined individually. 


Table III. Oxidation of acetate by Bact. coli 
Solutions: (1) Bacterial suspension in M/10 phosphate buffer pH 6-5; 1-66 mg. dry bacteria per ml. 
(2) Bacterial suspension in NaCl (0-9°%)—NaHCO, solution. 
(3) Sodium acetate 0-05 mol. 
(1) (2) (3) (4) (5) 


Main compartment 3 ml. solution 1 3 ml. solution 1 3 ml. solution2 3 ml. solution 2 3 ml. solution 2 


Centre cup 0-2 ml. 2N NaOH 0-2 ml. 2N NaOH — = — 
Side-arm (1) — 0-2 ml. solution 3 — 0-2 ml. solution 3 - 
(Mixed after 

equilibration) 

Side-arm (2) — “= 0-2 ml. 5% 0-2 ml. 5% 0-2 ml. 5% 
H,SO, (mixed H,SO, (mixed H,SO, (mixed 
at 120 min.) at 120 min.) at 0 min.) 

Gas O, O, 5% CO, in O, 5% CO, in O, 5% CO, in O, 

Calculated O, uptake and CO, formation: 

In the absence of acetate In the presence of acetate 

Time —_—_" ae eerie cet 
min. pl. O, pl. CO, pl. Og pl. CO, 
10 - 12-9 +10-2 — 28-8 + 16 
20 — 27-2 +21-4 — 78-8 + 86 
40 — 50-3 +39-7 — 185 + 37-5 

60 — 71-2 +56-1 — 286 + 60 

80 — 90 +70-9 —376 +161 

100 —110 + 86-6 — 445 +221 

120 — 126 +99-2 —470 +244 

pl. initial bicarbonate (per cup) 358 358 

ul. final bicarbonate (per cup) 364 576 

ul. change in bicarbonate + 6 +218 


Calculated for complete oxidation of the added acetate: — 448 pl. O,; +224 wl. CO,; +224 yl. bicarbonate. 


A third method of studying the mutual effects on respiration of two com- 
peting substrates consists in determining a specific product of the oxidation. 
Such specific substances are for instance ammonia if amino-acids are oxidized 
[v. Krebs, 1935, 1] or bicarbonate if the salts of organic acids are oxidized. If 
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fumarate and glucose are the substrates the amount of bicarbonate formed 
indicates, under suitable conditions, the amount of fumarate oxidized. This 
method supplements the first method, which shows whether or not there is 
competition between substrates, but does not decide the extent to which one 
substrate inhibits the oxidation of the other. Experiments of this type are 
reported in § III. 


5. Method of measuring hydrogen transport by carriers 


(a) Preliminary method. Before setting up a complete quantitative analysis 
of the carrier it is often desirable to test in a preliminary experiment whether 
or not a given substance can act as hydrogen carrier under given conditions. The 
anaerobic partial reaction (as (1)) substrate + carrier = reduced carrier + oxidized 
substrate is suitable for this preliminary test. In those cases in which “oxidized 
substrate” is CO,, or an acid which liberates CO, from the bicarbonate of the 
medium, the rate of (1) can be measured manometrically, and a simple experi- 
ment, suitably controlled, therefore is often sufficient to decide the preliminary 
question (point 1 of the programme). The result may be verified by the deter- 
mination of the reduced carrier, e.g. succinate in experiments with fumarate. 

(b) Complete method. The data required for our purpose are the rates of the 
reactions (1), (2) and (3) and also the rates of other reactions in which the 
reactants of (1), (2) or (3) may take part. This is best made clear by an example 
such as the role of fumarate as hydrogen carrier in the oxidation of glucose. The 
reactions, the rates of which must be determined, are: 


(la) glucose+fumarate — succinate + CO,, 
(2a) succinate +O, + fumarate + H,O, 
(3a) glucose+O, + H,O+CO,, 

(6) glucose + products of fermentation. 
The reactions (la) and (2a) concern points 1 and 2, whilst the other two reactions 
concern point 5 of the programme. 

In arranging the experimental procedure of measuring the above rates of 
reaction we were guided by the following considerations: 

(I) The rates of all reactions should be measured, for the purpose of the 
comparison, in commensurable units. Taking as example reaction (1a), i.e. the 
oxidation of glucose by fumarate and (3a), ie. the oxidation of glucose by 
molecular oxygen, we may compare either the CO, formed in (la) with the CO, 
formed in (3a), or the O, used in (3a) with the succinate formed in (la). Ex- 
perience shows that it is desirable to determine both sets of data. 

(II) The determination of the carbon dioxide formed in reaction (la) and 
(3a) is complicated by the facts that: 

(a) Carbon dioxide may also arise from the bicarbonate of the medium if, 
for instance, glucose is split into fixed acids. 

(6) Carbon dioxide may be bound if the substrate is a salt of an acid such as 
lactate, or acetate or a zwitterion such as alanine. In this case part of the 
respiratory CO, remains in the solution as bicarbonate. Because of these com- 
plications it is necessary to determine also the change in bicarbonate concen- 
tration in the medium. 

(III) Controls have to be set up in order to see: 

(a) Whether carbon dioxide is formed by other reactions in addition to 
reaction (1). In the case of reaction (la) for instance, carbon dioxide may also 
be formed by fermentation of glucose. 

(6) Whether carbon dioxide is the only gas formed. 






{ 
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The detailed experimental arrangement which furnishes the data necessary 
on the grounds of the preceding considerations is described in Table IV. The 
reaction between fumarate and glucose is taken as an instance. 


Table IV.. Manometric arrangement for the simultaneous determination of 
reactions (la), (2b), (3a) and (8) 
Reagents required: 

1. Bacterial suspension in 0-9% NaCl, containing about 3-15 mg. dry bacteria per ml. The 
amount of bacteria used depends on the rate at which the substrate is metabolized. 

2. “Phosphate saline’’, containing 100 ml. 0-9% NaCl, 4 ml. 1-15% KCl, 3 ml. 0-11 M CaCl,, 
1 ml. 3-84% MgSO, and 20 ml. 0-1 M phosphate buffer, prepared from Na,HPO, and HCl; 
pHi of this saline should be the same as that of the bicarbonate saline. 

3. “Bicarbonate saline’, containing 100 ml. 0-9% NaCl, 4ml. 1-15% KCl, 3 ml. 0-11 M 
CaCl,, 1 ml. 3-82% MgSO, and varying amounts of 1-3% NaHCO,. The saline is saturated with 
a gas mixture containing 5% CO,. The quantity of bicarbonate added is varied according to the 
pH desired; pH is calculated on the basis of pK,°°*=6-10 and «5, (absorption coefficient) = 0-52. 
In order to facilitate the accurate determination of the change in bicarbonate it is advisable to 
work with low bicarbonate concentrations, viz. 0-0025-0-005 M; pH is thus 6-5-6°8. 

4, 2N sodium hydroxide (“NaOH’’); 0-2 ml. per flask. 
2N sulphuric acid (““H,SO,”’); 0-2 ml. per flask. 

. Yellow phosphorus in sticks freshly fused. 
. 0-2 M sodium fumarate; 1 ml. per flask. 

8. A neutral solution of the substrate, a suitable quantity dissolved in 0-2 ml. water (“sub- 
strate’’). 

9. 0-2 M sodium succinate. 

10. Gas mixture and gases: 5% CO, in O,; 5% CO, in N,; O,. 


1S or 


Centre Side- Side- 

No. Main chamber chamber arm 1 arm 2 Gas 

1 3ml.2 NaOH Bacteria -—— O, 

2 3mli. 2; substrate NaOH * a oO, 

3 3 ml. 2; fumarate NaOH - — Oo, 

4 3ml. 2; fumarate; substrate NaOH a — oO, 

5 3ml.2 -— ee H,SO, 5% CO, in O, 

6 3m. 3; substrate — ss H,SO, 5% CO, in O, 

7 3ml. 2; fumarate — ee H,SO, 5% CO, in O, 

8 3ml. 3; fumarate; substrate == 7s H,SO, 5% CO, in O, 

9 3ml.2 — aa H,SO, 5% CO, in O, 
10 3ml. 2; fumarate — " H,SO, 5% CO, in O, 
ll 3ml. 2; fumarate Phosphorus a H,SO, 5% CO, in N, 
12 3ml. 3; fumarate 7" " H,SO, 5% CO, in N, 
13 3 ml. 2; fumarate; substrate ds a H,S0, 5% CO, in N, 
14 3ml.2 a * H,SO, 5% CO, in N, 
15 3ml.2 * + H,SO, 5% CO, in N, 
16 3mli. 2; substrate 99 9 H,SO, 5% CO, in N, 
17 3 ml. 2; 0-3 sodium succinate NaOH a —- O, 


After thermal equilibration (¢,) side-arm 1 (bacteria) is mixed with the main chamber in all 
flasks; in flasks 9, 10, 11 and 14 side-arm 2 is emptied into the main chamber at the same time. 
After a period of 1-2 hr., during which the substrate has been metabolized, side-arm 2 is emptied 
in 5, 6, 7, 8, 12, 13, 15 and 16. 


Seventeen manometers with conical flasks provided with a centre chamber 
and with one or two side-arms are required. The first 8 manometers are concerned 
with the measurement of reaction (3). The oxygen consumption is determined 
in cups 1-4 (blank, glucose, fumarate, glucose+fumarate). In 4-8 the corre- 
sponding carbon dioxide production is measured, according to the principles 
discussed in § II 4. These manometers also furnish the values of the final con- 
centrations of bicarbonate. In 9 and 10 the initial bicarbonate is measured, with 
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and without fumarate. If the substrate is not exactly neutral a further mano- 
meter charged like 6 and acidified at the time ¢, is necessary in order to find the 
initial bicarbonate in the presence of substrate. This control is not required if 
glucose, or sodium acetate or other neutral substances serve as substrates. 

The following flasks (11-16) are concerned with reaction (la). An excess 
of fumarate is added to the bacterial suspension (1 ml. 0-2 M) in 11-13; 11 
furnishes the blank carbon dioxide production and the final bicarbonate concen- 
tration; 12 gives the corresponding data in the presence of glucose and 13 the 
initial bicarbonate. 14-16 correspond to 11-13, but contain no fumarate. These 
3 manometers are controls in which the carbon dioxide formation and the 
change in bicarbonate in the absence of fumarate are measured (reaction (6)). 

In the last manometer, 17, the rate of reaction (2a) is determined. 

No controls concerning the formation of hydrogen are included in this 
scheme since we deal in full with the question of hydrogen formation in § III 9. 
It may suffice to say at this point that Bact. coli does not produce hydrogen in 
the presence of fumarate and that carbon dioxide is the only gas formed if 
fumarate is present. 

After the manometric experiment succinic acid formed is determined in the 
solution in 11, 12 and 13 and compared with the oxygen used in 3 and 4. 




















§ III. FuMARATE AS HYDROGEN CARRIER 
1. Preliminary experiments 


Fumarate is the most important hydrogen carrier in Bact. coli from the 
quantitative point of view. Table V shows an experiment which was carried 
out by the “preliminary method”’. The anaerobic CO, production taking place 
after addition of fumarate and another suitable substrate was followed for 1 hr. 









Table V. Oxidation of various substances by Bact. coli in the presence 
of fumarate 






Bicarbonate saline. M/80 bicarbonate; 5% CO, in N,. Each flask contained 3 ml. bacterial 
suspension (5-5 mg. bacteria). Fumarate concentration M/20. Substrate concentration M/100. 
Fumarate and substrate were added to the bacterial suspension after the equilibration period. 




















pl. suc- 
cinic acid 
pl. CO, evolved after formed 
r ; during 
No. Substrates added 10 min. 20 min. 40 min. 60 min. 60 min. 
1 — 1 2-5 5 8 ~0 
2 Fumarate * 13-5 26 35°5 130 
3 Fumarate; dl-lactate 49 99 207 308 968 
4 Fumarate; acetate 26 48 96 144 502 
5 Fumarate; glycerol 37 98 248 427 1204 
6 Fumarate; dl-glyceraldehyde 33-5 84 228 405 742 
7 Fumarate; l( + )glutamate 33 59 121 183 760* 
8 Fumarate; pyruvate 135 364 672 728 920 
9 Fumarate; glucose 278 614 1272 1695 980 
10 Fumarate; butyrate 22 28 40 52 316 
1l Fumarate; acetoacetate 21 36 65 93 342 
12 Fumarate; H, 57t 1407 274f 41l+ 854 
13. Glucose 221 488 955 1096 132 
14. = Glycerol 4 9 14 19-5 a 
15  Glyceraldehyde 10-8 22 43 61 —_ 
16 Acetoacetate 5 9 12 15 0 
17. _—s« Pyruvate 49 146 358 516 164 





* Part of the succinic acid formed may have been derived from glutamate. 


+ H, absorbed. 
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and succinate was then determined in the solution. Controls were set up with 
each substrate to see if CO, is produced in the absence of fumarate but only 
those controls have been included in Table V which gave increased CO, formation 
(lines 13-17). 

It will be seen that a variety of different substances are oxidized by fumarate 
in Bact. coli. The 10 substances recorded include glucose and various derivatives, 
lactate, glycerol and glyceraldehyde, an amino-acid (glutamate), fatty acids 
(butyrate and acetate) and ketonic acids (pyruvate, acetoacetate). All these 
substances reduce fumarate and liberate carbon dioxide. The formation of 
succinate is the more accurate measure of the rate of the dismutation since 
carbon dioxide may be evolved either by oxidation of the substrate or by 
decomposition of bicarbonate by acids formed. In those cases in which the 
substrates evolve CO, in the absence of fumarate there is an increase in CO, 
when fumarate is present. 

Having thus established the fact that fumarate oxidizes anaerobically various 
substrates in Bact. coli we shall now apply the ‘complete method” for the 
quantitative investigation. 


2. Fumarate and glucose 


As the first example the role of fumarate in the oxidation of glucose will be 
examined. The experiment was arranged according to Table IV. The substrate 
solution contained 0-5 mg. glucose per flask. The organism was grown aero- 
bically and 2-37 mg. bacteria were present in each flask. For the sake of brevity 
we omit the manometric readings and present the calculated results only 
(Table VI). The quantities of gas are expressed in pl. The figures given for 
carbon dioxide represent the total quantity (respiratory carbon dioxide + carbon 
dioxide liberated by acid from bicarbonate). The bicarbonate data at the foot of 
the table indicate the source of the carbon dioxide. The flask number given with 
the bicarbonate figure denotes the manometer in Table IV from which the figure 
was obtained. Succinic acid is also expressed in pl. (1 mM. =22400 yl.). 

The data of the aerobic part of the experiment are recorded in columns 1-4; 
they were calculated according to the formulae (4) and (5). The results of the 
anaerobic experiment are given in the columns 5-8; they were calculated in 
the usual way by multiplication of the pressure change with the constants for 
carbon dioxide. There are various difficulties in interpreting the blank figures 
since the methods discussed in § II 4 are not applicable to all cases in which 
a competition between metabolic processes may occur. Because of these un- 
certainties we present the experimental figures without corrections and avoid 
calculations as far as possible. 

The experiment shows the following: 

(1) If 0-5mg. glucose is added to Bact. coli anaerobically, 152 yl. CO, are 
liberated. The amount of bicarbonate in the solution decreases by practically 
the same quantity (148 l.). There is thus no formation of CO, from glucose 
(column 8). 

(2) If 0-5 mg. glucose and an excess of fumarate are added to the suspension 
anaerobically, still more CO, (271 yl.) is liberated during the same time, but in 
this case there is only a slight (9 ul.) decrease in bicarbonate which is almost 
within the limits of error. The evolution of CO, therefore is due in this case 
to oxidation of the organic substances present, namely glucose or fumarate 
(column 6). 

(3) Concurrent with this oxidation there is a reduction of fumarate to 
succinate. A comparatively slow reduction of fumarate occurs in the absence of 
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glucose (column 5) but glucose increases the rate of reduction considerably 
(column 6). This increase amounts to 568—165=403 wl. We compare this 
figure with the reduction of molecular oxygen under analogous conditions 
(columns 3 and 4) and find that glucose causes an additional disappearance 


781 —495 = 286 pl. Since the reduction of 2 mol. of fumaric acid is equivalent 


to reduction of 1 mol. of O, the rate of reduction of fumarate i is 5 ora or 71% 


x 286 
of the rate of reduction of molecular oxygen. 
(4) Comparing the oxidation of glucose by fumarate with that by molecular 
oxygen in terms of the carbon dioxide produced we obtain the following figures: 


CO, produced anaerobically in the presence of fumarate : 271 — 38-5 = 232-5 pl. 
CO, produced aerobically : 620 —345 = 275 pl. 


The rate of the anaerobic oxidation by fumarate is thus sa or 85% of the rate 
of the aerobic oxidation. 

(5) The course of the CO, production in the aerobic oxidation and that of 
the oxidation by fumarate do not run parallel in this example, since there is an 
initial excess of carbon dioxide in the anaerobic experiment. This excess is due 
to decomposition of bicarbonate by acids formed from glucose. The acids formed 
by fermentation disappear later under the influence of fumarate and in the 
balance sheet there is no production of fixed acid. It is of interest to note that 
fumarate unlike molecular oxygen does not suppress the “‘anaerobic” glycolysis. 

(6) The oxidation of succinic acid by molecular oxygen proceeds faster than 
the oxidation of glucose under analogous conditions (column 9). 

In summing up these results we may say that fumarate oxidizes glucose 
anaerobically to form carbon dioxide and that the rate of this oxidation is 
71-85 % that of the oxidation of glucose by molecular oxygen under similar 
conditions. 

This experiment is a typical example out of a series of 12 similar experiments. 
We varied the strain and the condition of the cultivation. The results were 
essentially the same in all experiments. The variations concerned the relative 
rates of the reactions (la), (2a) and (3a). The rate of (la) was 60-100 % of that 
of (3a) and the rate of (2a) varied between 60 and 130% of that of (3a). 

In view of these variations and also of the uncertainty in the calculations we 
do not wish to emphasize the exact numerical value of the calculated figures. 
These variations and uncertainties, however, cast no doubt on the order of 
magnitude of the ratio (oxidation of glucose by fumarate)/(oxidation of glucose 
by O,) in Bact. coli and it will suffice for the further considerations to know the 
order of magnitude. 

Before we turn to the study of the remaining points of the programme 
(§ III 11) a number of analogous reactions will be described. 


3. Fumarate and malate} 


(a) Fermentation of fumarate. If fumarate is added to Bact. coli anaerobically 
as already mentioned in the preceding section, carbon dioxide and succinic 
acid are formed, CO, arising by oxidation, succinic acid by reduction. Since the 
complete oxidation of 1 mol. of fumarate or malate is equivalent to the reduction 


1 Since fumarate and malate are interconvertible in Bact. coli it is not possible to decide which 
of the two substances reacts in a given case. It is probable from the work of Green [1936, 1, 2] 
that fumarate is not oxidized as such but only after hydration to malate, and that malate is not 
reduced as such, but only after dehydration to fumarate. We shall therefore speak of malate if 
oxidations are in question, and of fumarate if reductions are in question. 


133—2 
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of 6 mol. of fumarate, the expected equation for the fermentation is as 
follows: 

(7) 7 fumarate =6 succinate + 2CO,+2 bicarbonate. 

The expected yield of succinate, expressed in terms of fumarate fermented, 
is thus 85-6 % ; the yield of both CO, and of bicarbonate is 28-6 % . We found the 
following figures in an een in which 19-5 mg. washed cells were incubated 
at 40° with 0-1 ml. 0-2.M@ fumarate in a manometric flask until the evolution of 


gas ceased (6 hr.): 
Fumarate added and fermented 448 yl. 


Succinate formed 406 pl. (90-8 %) 
HCO,~ formed 82 pl. (18-3 %) 
CO, formed 170 pl. (38-0 %) 


The figures show that slightly more fumarate is reduced and less is oxidized 
than would be expected according to scheme (7). The deviations from the theory 
are due to the fact that fumarate whilst reacting according to (7) may simul- 
taneously oxidize such intracellular substrates as may be present, and succinate 
and free CO, are formed in these reactions. In order to reduce these side- 
reactions cells were used for the above experiment which had been aerated at 
room temperature for 24 hr. Since it is impossible to remove oxidizable sub- 
stances from the cells completely, it is not surprising to see that equation (7) is 
only approximately verified. 

The products found account completely for the fumarate added. Out of 


448 pl. added, 406 yl. are recovered as succinate and | pl. as bicarbonate. 


There are no significant quantities of formate and acetate formed under our 
conditions by Bact. coli and the fermentation of fumarate in Bact. coli is in this 
respect unlike that in Aerobacter aerogenes [Barker, 1936]. 

We have not studied further details of the fermentation of fumarate under 
different conditions in Bact. coli, since it will suffice for the purpose of this paper 
to deal with two aspects of the problem, the first being the quantitative deter- 
mination of the ratio 

(8) Rate of anaerobic oxidation of malate 

Rate of aerobic oxidation of malate ’ 
and the second being the effect of certain other metabolites on the rate of the 
oxidation of fumarate or malate. 

(b) Ratio rate of anaerobic oxidation of malate by fumarate 

rate of oxidation of malate by molecular oxygen * 
The ratio (8) may be measured in two different ways, either in terms of 

(9) 3 succinic acid formed anaerobically 

~ O, consumed aerobically 

or in terms of 

(10) CO, formed anaerobically 

CO, formed aerobically * 
ee — VI we obtain for the oxidation of malate 
1. equivalents of succinate formed anaerobicall 

(9a) - aa 495 pl. O, used aerobically Z=0- 17, and 
38-5 pl. CO, +30 yl. bicarbonate formed anaerobically 
(10) 3a aL CO. + ast ht i 


Thus the reduction of fumarate by malate is —17% and 8-8% respectively of 
the reduction of O, under the same conditions. The lower figure of 8-8 % for (1a) 


? 
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indicates that relatively less carbon dioxide is formed if fumarate is the oxidizing 
agent. The oxidation is thus less complete anaerobically. 

The ratios (9a) and (10a) of which we have made more than 20 measurements 
vary considerably in different experiments. The figures given were among the 
lowest which we found. The highest values observed for (9a) were 80% and 
for (10a) 50%. Some light on the cause of this variation is thrown by the 
phenomenon discussed in the following paragraph which shows that the oxidation 
of fumarate is promoted by, and consequently linked up with, the presence of 
other oxidizable substances. 

(c) Effect of other substances on the oxidation of malate. It will be seen from 
Table VII that more bicarbonate is formed from fumarate aerobically in the 
presence of glucose (542 yl.) than in the absence of glucose (434 pl.). The forma- 
tion of bicarbonate is proof of an oxidation of fumarate as explained above; 
glucose thus promotes the oxidation of fumarate. This promotion of the oxidation 
of fumarate can be brought about by other substances and can be shown 
aerobically as well as anaerobically. Table VII shows an experiment in which 


Table VII. Promotion of the oxidation of fumarate by lactate 


and pyruvate 
0-5 ml. fumarate 0-5 ml. fumarate 
(0-2 M) + (0-2 M) + 
Sub- 0-5 ml. 0-2 ml. 0-2 ml. 0-2 ml. 0-2 ml. 
strates fumarate dl-lactate pyruvate dl-lactate pyruvate 
added (0-2 M) (0-01 M) (0-01 M) (0-01 M) (0-01 M) 
ul. O, taken 
up after 
40 min. 118 116 89 260 246 
80 min. 337 130 99 600 578 
160 min. 930 148 119 1325 1225 


the aerobic oxidation of fumarate was measured in the presence of small quan- 
tities of lactate and pyruvate and it will be seen that the absorption of oxygen 
in the presence of fumarate+lactate or fumarate+ pyruvate is greater than 
would be expected from the experiments with the single substrates. Thus in the 
case of lactate the sum of the single experiments is 930+ 148 yl. whilst both 
substrates together take up 1325 yl. oxygen. 

Examples of this effect under anaerobic conditions, i.e. the promotion of the 
fumarate fermentation by other substances, will be given later (e.g. § III 7). 
The most remarkable substance exerting such an effect is molecular hydrogen. 
This effect constitutes another difficulty in the quantitative interpretation of 
results but since it is comparatively small it is, as a rule, of minor importance. 


4. Fumarate and acetate 


The results obtained with further substrates will be presented in an abridged form. Instead 
of the full course of the reaction only final values will be given which represent the changes 
occurring during the period recorded. It should be noted that the oxidation of the “substrate” 
was not always allowed to go to completion, as in the case of glucose (Table VI). The results 
obtained with a series of substrates are recorded in Table VIII. 

Only points of special interest in respect to the “ programme” of this paper will be discussed, 


namely: 
(1) The rate and chemical mechanism of the anaerobic decomposition of the substrate in the 


absence of fumarate. 
(2) The rate and chemical mechanism of the anaerobic decomposition of the substrate in the 
presence of fumarate, as compared with the aerobic oxidation of the substrate. The ratios of these 
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rates are represented by the quotients (9) and (10). These quotients were calculated by subtracting 
the figures obtained in the presence of fumarate alone from the figures obtained in the presence 
of fumarate + substrate. 


Table VIII. Reactions between fumarate and various substrates 





No. 1 No. 2 No. 3 No. 4 No. 5 
1 Substrate added Na acetate, Na pyruvate Glycerol dl-Glycer- dl-Lactate 
3H,O aldehyde 
2 Quantity of substrate 1-36 mg. 0-1 ml. 0-1M 0-1 ml. 0-1M 0-1 ml. 0-1M 0-1 ml. 0-054 
3 Duration of experiment 120 min. 120 min. 120 min. 120 min. 200 min. 
4 mg. bacteria per 3 ml 3-8 mg. 2-4 mg. 2-5 mg. 2-5 mg. 0-95 mg. 
solution 
Oxidations by molecular oxygen: 
5 Blank 0, — 381 — 34-4 — 47:5 — 47-5 — 29-2 
co, + 30-4 + 32-2 + 35-0 + 35-0 + 29-3 
HCO,- + 6 - 5 + 5 + 5 + 8 
6 Substrate O, — 387 — 434 — 484 — 266 — 287 
co, +169 +342 +390 +264 +197 
HCO,;- +184 +189 - 5 - 7 +100 
7 Fumarate O, — 702 — 289 -501 — 501 —313 
co, +337 +121 +322 +322 +233 
HCO,— +655 +422 +477 +474 +246 
8 Substrate + O, — 998 — 806 -778 — 674 — 469 
fumarate CO, +522 +635 +566 +516 +339 
HCO, +871 +629 +518 +472 +302 
Anaerobic oxidation by fumarate: 
9 Fumarate CO, + 51 + 42 + 59 + 59 + 33 
HCO, + 19 + 45 + 47 + 47 + 28 
Succinate +540 +157 +240 +240 +134 
10 Substrate CO, +158 +305 +309 +305 + 85 
HCO, +162 + 43 + 5 + 64 + 80 
Succinate +990 +662 +758 +666 +306 
Anaerobic fermentation: 
1l Blank co, — + 11 + 8 + 8 — 
HCO, — - 5 - | - 1 _ 
12 Substrate CO, a + 182-5 + 17 + 32 _— 
HCO, — -141 - 12 — 22 _— 


Acetate is not attacked anaerobically in the absence of fumarate. The ratio 
(9) and (10) calculated from Table VIII yield the following figures: 


for (9) = =0- 76, for (10) = 0- “62. 


The rate of the anaerobic oxidation is thus 76 or 62% of the aerobic oxidation. 

It should be remembered that the experiments recorded in Table VIII were 
designed to measure rates, and not the degrees of completion of the oxidations. 
In other experiments, carried out in the same way, but continued until the 
oxidation of acetate was completed, it was found that up to 790 ul. fumarate 
were reduced by 1-36 mg. sodium acetate. 1 mol. of acetate had thus donated 
7 atoms of hydrogen. Since acetic acid contains only 4 atoms of hydrogen, part 
of the hydrogen required for the reduction of fumarate and part of the oxygen 
appearing as CO, must be derived from water: 


CH,.COOH+2H,0+8 fumarate =2CO,+8 succinate. 
This participation of water in oxidations will be discussed in § VIII 4. 
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5. Fumarate and pyruvate 


(a) Decomposition of pyruvate in the absence of fumarate. Pyruvic acid has 
long been known to be fermented anaerobically by Bact. coli and as chief end- 
products acetic acid, formic acid, hydrogen, CO,, lactic acid, succinic acid and 
alcohol have been identified [v. Tikka, 1935; Mazza, 1934; for references]. 

Formation of succinate. In view of the role of succinate as hydrogen carrier, 
discussed later in this paper, it is of interest to study the origin of succinate in 
Bact. coli. Mazza established the formation of this substance from pyruvate by 
isolating it; quantitative data about the rate and the yield of succinate formation 
from pyruvic acid will be given in § III 11 of this paper. 

Formation of lactic acid. No anaerobic formation of lactic acid was observed 
with our strains of Bact. coli in the. presence of pyruvate if the medium was 
bicarbonate saline saturated with 5°% CO,, within the range pH 6-6-8-0. Con- 
siderable quantities of lactate appear, however, if bicarbonate saline is saturated 
with 100% CO, at pH 5-5. For instance 246 pl. lactic acid were formed in an 
experiment in which 1120 yl. pyruvic acid had been fermented [v. Tikka, 1935]. 

Formation of CO,. All the experiments referred to in this section were carried 
out with cells grown aerobically and such cells do not split formate into bicar- 
bonate and hydrogen. They form very little (not more than 2-5%) CO, from 
pyruvate, if the medium is bicarbonate saline saturated with 5% CO,. Much 
CO,, however, is liberated from bicarbonate of the saline. For 100 mol. of 
pyruvate about 80-90 mol. of bicarbonate are decomposed, the main reaction 
being the splitting of pyruvic acid into formic and acetic acids: 

(11) CH,.CO.COOH+ H,O=CH,.COOH+ H.COOH. 

A higher pressure of CO, associated with higher acidity affects the formation of 
CO, from pyruvate. Instead of 2-5% CO, up to 30% CO, is formed. These 
observations suggest that in acid medium, in presence of 1 atmosphere of CO, 
Bact. coli ferments pyruvate like cocci and animal tissues, according to the 
equation 

(12) 2CH,.CO.COOH + H,O=CH,.COOH + CO, +CH,.CH(OH).COOH, 
whilst in less acid and neutral medium reaction (11) prevails. 

Both (11) and (12) are, of course, only approximate accounts since they do 
not allow for the formation of succinate or alcohol. 

Effect of small amounts of fumarate on the fermentation of pyruvate. The rate 
of fermentation of pyruvate can be conveniently measured manometrically, if 
the cells are suspended in bicarbonate saline, by following the course of the CO, 
evolution. This method shows (Table IX) that the fermentation of pyruvate 
commences slowly but increases with time. Addition of fumarate diminishes 
the lag period and increases the rate of reaction very considerably. The effect of 


Table IX. Effect of fumarate on the fermentation of pyruvic 
acid by Bact. coli 
1-4 mg. bacteria per flask; bicarbonate saline; pH 6-9; 40° 


pl. CO, formed in the presence of 
A. 





— a \ 
Time 0-02 M pyruvate + 0-02 M pyruvate + 
min. 0-02 M pyruvate 0-0006 M fumarate 0-006 M fumarate 
10 12-3 20-9 31-4 
20 38-5 55-6 79 
40 105 136 190 


80 257 306 430 
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fumarate is catalytic, since small quantities, e.g. 1/30 equivalent of the pyruvate 
present have already a pronounced effect. «-Ketoglutarate acts in a similar 
manner. We cannot offer any explanation for this effect which we had also 
observed when studying fermentation of pyruvic acid by Staphylococcus [Krebs, 
1937]. 

(b) Oxidation of pyruvate by fumarate. The ratios (9) and (10) calculated as 


in the case of acetate are: 


$x505_ 7. 
a7 9 49, 


and for (10) “+ 


for (9) 





=0-36. 


The rate of the anaerobic oxidation of pyruvate is thus 36-49 % of that of the 
aerobic oxidation. 

Apart from these figures there is another point to which attention should be 
drawn. The reaction between fumarate and pyruvate, as measured by the for- 
mation of succinate, is more rapid than the rate of the analogous reactions 
between fumarate and acetate, as may be seen from Table V. A mixture of 
acetate and formate equivalent to pyruvate reduces only as fast as acetate only, 
formate being inactive (§ III 10). We must conclude from these facts that 
pyruvate reacts with fumarate as such, and not only after primary splitting into 
acetate and formate. It is very probable, that the direct reaction between 
pyruvate and fumarate is: 


(14) Pyruvate + fumarate + H,O =acetate + CO, +succinate. 


6. Fumarate and glycerol 


(a) Anaerobic decomposition of glycerol. Harden [1901], Harden & Norris 
[1912], Virtanen et al. [1930], Tikka [1935], and Braak [1928] studied the 
anaerobic fermentation of glycerol by Bact. coli and similar organisms. All these 
investigators found that the process is very slow, and confirmed Harden’s 
discovery that succinate occurs among the end-products of the fermentation. 
Both points, the rate of fermentation and the formation of succinate, are of 
interest in connexion with the interaction between fumarate and glycerol and 
we have therefore examined these two points for our special experimental con- 
ditions. 

If thick washed suspensions of Bact. coli are suspended in bicarbonate saline 
anaerobically, carbon dioxide is evolved on addition of glycerol. The evolution 
of CO, is quantitatively accounted for by a decrease in bicarbonate and it is 
thus due to formation of acid. 1 mg. of dry cells produces 2-3 yl. acid from 
glycerol per hour, whilst in the presence of glucose, under similar conditions, 
200-300 yl. acid are formed. The fermentation of glycerol as measured by the 
production of acid is thus 100 times slower than that of glucose, and about 
50-100 times slower than the oxidation of glycerol by fumarate. 

The yield of succinate is remarkably high. Per 100 mol. of glycerol fermented 
40-45 mol. of succinate are formed. The yield of succinate, though not the rate of 
succinate formation, is higher than the yield obtained from glucose or from 
pyruvate. Wood & Werkman [1936] observed a similarly high yield of succinate 
in the fermentation of glycerol by propionic acid bacteria. These high yields are 
of interest in view of the mechanism of the formation of the succinate. It is 
difficult to assume that glycerol is first resynthesized to carbohydrate and that 
succinate is then formed from sugar [see Kluyver, 1935]. 
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If the amount of succinate formed is compared with the carbon dioxide 
evolved from the medium, it will be seen that the figures are equivalent within 
the limits of error. Succinic acid is thus practically the only acid formed in the 
anaerobic breakdown of glycerol in Bact. coli under our conditions. 

Table X gives an example of an experiment on the fermentation of glycerol. 


Table X. Fermentation of glycerol by Bact. coli 


Each cup contained 60 mg. bacteria in bicarbonate saline; 0-014 M NaHCO,; 5% CO, in N,; 
after the first manometric reading 0-2 ml. 0-1 M glycerol (448 yl.) was added in flask 2. 


Flask no. nae 1 2 
pl. CO, evolved after 60 min. 93 180 
= 120 min. 167 325 
‘a 240 min. 273 552 
a 360 min. 366 732 
pi. succinic acid formed 122 304 
Extra succinic acid formed in — 182 
the presence of glycerol 
Extra CO, evolved = 366 


Wood & Werkman [1936] found that CO, is bound during the glycerol fermentation of pro- 
pionic acid bacteria and we have therefore carried out experiments to see if CO, or bicarbonate is 
utilized by Bact. coli. We were unable, however, to detect a disappearance of CO, or bicarbonate. 


(6) Oxidation of glycerol by fumarate. The oxidation of glycerol by fumarate 
is a very rapid reaction so that the spontaneous decomposition of glycerol can 
be neglected in the calculations. The ratios yield the following figures calculated 
from the data in Table VIII: 


for (9) >= =0-93 


and for (10) ae =0-73. 


7. Fumarate and glyceraldehyde 


(a) Anaerobic decomposition of glyceraldehyde. dl-Glyceraldehyde is slowly 
fermented anaerobically [Virtanen & v. Hausen, 1932] and succinate is found 
among the end-products of the fermentation. Examples giving the rate of 
fermentation and the yield of succinate are found in Table XII. The rate of re- 
action is insignificant as compared with oxidation of glyceraldehyde by fumarate. 

(b) Oxidation of glyceraldehyde by fumarate. The following figures are obtained : 

213 
for (9) 23 = 1-23 
263 2 
and for (10) 795= 1-36. 


In this case the anaerobic oxidation appears to be even more rapid than the 
aerobic reaction. It is however certain that glyceraldehyde promotes the 
anaerobic breakdown of fumarate as indicated by the increased yield of bicar- 
bonate from fumarate in the presence of glyceraldehyde. Because of this inter- 
fering effect it is not possible to calculate the true ratios (9) and (10). 


8. Fumarate and lactate 


There is no anaerobic breakdown of lactate in the absence of fumarate. 
From Table VIII we calculate 
156 


for (9) 7=5=0-91 


52 +54 
116 +56 


for (10) =0-62. 
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The rate of the anaerobic oxidation of lactate by fumarate is thus 91 or 62% 
of the rate of oxidation by oxygen. We found the same figure for d, or 1, or 


dl-lactate. 
9. Fumarate and hydrogen 


(a) Reactions of hydrogen in the absence of fumarate. In cells containing 
“hydrogenlyase” the reactions 

(15) H,+CO,—= HCOOH, 
or (15a) H,+ HCO,- —= HCOO- + H,0, 
take place [see Woods, 1936]. In cells grown aerobically these reactions do not 
occur at a significant rate, and the experimental conditions for studying the 
reactions between fumarate and hydrogen (16) are therefore simpler in aerobic 
cells. For most of the following experiments aerobic cells were therefore used. 
A few tests showed that the rate of (16) is about the same in aerobic and 
anaerobic cells. 

(6) Reduction of fumarate by hydrogen. From the work of Stephenson and 
her collaborators [1937] it is known that H, reacts in Bact. coli with fumarate 
according to (16). 

(16) H,+ fumarate = succinate. 

We made some unexpected observations when studying reaction (16) with 
quantitative methods. In the following experiment we compared the quantity 
of fumarate added and metabolized with the quantities of hydrogen absorbed 
and succinate formed and it will be seen that much more succinate is formed 
than can be accounted for by the absorption of hydrogen. Two flasks were used 
for the experiment and they contained in their main chamber 3 ml. bacterial 
suspension in phosphate saline (pH 6-8; 2-37 mg. bacteria), 0-1 ml. fumarate 
solution (0-198 MV), equivalent to 442 yl., in the side-arm, and alkaline hydro- 
sulphite in the centre chamber for the absorption of CO, and O,. The gas in the 
first flask was nitrogen, in the second hydrogen. In nitrogen no change of 
pressure occurred, in hydrogen an absorption began when the fumarate was 
added to the bacteria: 


Hydrogen absorbed after 20 min. 62 yl. 
40 ,, 130,, 
60 ,, 184,, 
80 ,, 224,, 
100 ,, 234 ,, 


The amount of succinate found after the absorption of hydrogen had finished 
was 362 ul. whilst the control in nitrogen (through fermentation of fumarate) 
yielded 58 yl. succinate. Thus 234+ 58 = 292 yl. succinate can be accounted for 
by the action of hydrogen and by the fermentation of fumarate whilst in actual 
fact considerably more, namely 362 pl. succinate were found. Previous obser- 
vations discussed in § III 3c suggested that the excess succinate may be due to 
a promoting effect of hydrogen on the fermentation of fumarate and we therefore 
investigated whether there is an increased formation of bicarbonate from 
fumarate in the presence of hydrogen. If bicarbonate appears under our experi- 
mental conditions it must necessarily be due to the oxidative breakdown of 
fumarate. The following experiment confirms the expectation. A suspension of 
Bact. coli in bicarbonate saline was used, 3 ml. of which contained 2-37 mg. 
bacteria and 313 yl. bicarbonate. 3 ml. suspension were measured into each of 
two flasks provided with two side-arms, the first side-arm containing 0-5 ml. 
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0-2 M fumarate, the second 0-2 ml. 2.N H,SO,. The gas space of the one flask 
was filled with 5% CO, in H, that of the other with 5% CO, in N,. After thermal 
equilibration fumarate was added to the suspension and after 2 hr. incubation 
the acid was added and the amount of CO, evolved determined. In nitrogen 
347 yl. bicarbonate were found, in H, 406 wl. The increase in bicarbonate was 
thus 34 yl. in N, and 93 yl. in H,. The rate of fermentation as measured by the 
production of bicarbonate from fumarate was almost trebled by hydrogen. This 
effect, although unexplained in its mechanism, accounts for the apparent dis- 
crepancy between uptake of hydrogen and yield of succinate. Molecular hydrogen 
like the atomic hydrogen in organic compounds promotes the fermentation of 
fumarate and causes thus a greater yield of succinate than can be accounted for 
by its stoichiometric effect. 

We have examined a number of other substances as to their capacity of absorbing hydrogen. 
No absorption occurred in cells grown aerobically in the presence of pyruvate, glucose, glycerol or 
glyceraldehyde, whilst oxaloacetate reacts. For instance 0-1 ml. of 0-2 M oxaloacetate (equivalent 
to 448 yl.) induced an absorption of 100 yl. H, if added anaerobically to Bact. coli in an atmosphere 
of H,. Since, however, oxaloacetate is readily reduced in Bact. coli, it is very likely that not 
oxaloacetic acid as such, but fumarate formed by reduction from it, reacts with hydrogen. 

This point is of interest in view of various schemes of fermentation in which reactions of mole- 
cular hydrogen with various substances play a part. 

(c) Aerobic experiments. In the presence of oxygen, succinate undergoes 
re-oxidation: 

(17) Succinate + 40, =fumarate + H,O, 
and it might be therefore expected that in the presence of fumarate the balance 
sheet of (16) and (17) is experimentally verified, i.e. 

(18) H,+430,=H,0. 
Reaction (18) can in fact be experimentally realized if the two stages (16) and (17) 
are allowed to take place successively. If, however, H, and O, and fumarate 
are present together there is no absorption of hydrogen by fumarate. The gas 
absorption is only equivalent to the oxidation of fumarate and we must con- 
clude, therefore, that the reaction between hydrogen and fumarate does not 
take place in the presence of oxygen. Oxygen inhibits ‘hydrogenase’. It may 
be added that O, inhibits also (15). 


10. Fumarate and formate 


(a) Reactions of formate in the absence of fumarate. It is of interest to con- 
sider the splitting of formate into bicarbonate and hydrogen as an oxido- 
reduction analogous to other processes described in this paper. Previous workers, 
according to Stephenson [1937], considered the evolution of hydrogen as a 
simple cleavage, according to 


(19) *H'COO H=H,+C0,, 
or (19a) *H COO-=H,+ HCO,-. 
HOH 
A different view of the mechanism is presented by the following equation: 
(20) H,;0 + HCOO- = H, + HCO,-. 


According to (20) formate is oxidized by the oxygen of water in the same way 
as acetate in (24), or pyruvate in (12) or (14). The hydrogen atoms which become 
available unite in pairs to form molecular hydrogen in (20) whilst they are accepted 
by fumarate or pyruvate in (24), (12) or (14). Reaction (20) is thus analogous 
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to other oxido-reductions in Bact. coli. This view is amenable to experimental 
investigation, by studying (20) in the presence of heavy water, D,O. According 
to the new view, the hydrogen evolved in the presence of formate is derived from 
the water of the medium; therefore the gas formed in heavy water should be 
D,; in a mixture of H,O, HDO and D,O, D,, H, and DH should be formed. 
According to the old view at least one hydrogen atom of the gas (marked with 
an asterisk in (19) and (19a@)) is derived from the formate molecule, and therefore 
D, cannot be formed in the presence of heavy water, but only DH and H,. 
The decisive experiments have already been carried out and published by 
Farkas et al. [1934] and they confirm our view. The authors showed that D, 
is indeed formed, and they concluded rightly that (19) and (19a) do not represent 
the mechanism of the evolution of hydrogen. They did not suggest, however, a 
definite alternative explanation. 

Such a type of reaction is not so surprising as appears at first sight since 
analogous reactions are common in inorganic chemistry. For example: 

2Nat+ +2H,0=2Na0H + H,, 
or 2CrO + H,O =Cr,0, + Hy. 

(b) Reduction of fumarate by formate. The behaviour of formate towards 
fumarate depends on the conditions under which the cells have been grown. 
There is no interaction between formate and fumarate if the cells have been 
grown aerobically on broth agar, whilst cells grown anaerobically on glucose 
broth bring about the reaction: 

(21) Formate + fumarate = succinate + bicarbonate. 

In studying (21) we determined the bicarbonate and the succinate formed and 
no change in the concentrations of these two substances was found if cells grown 
aerobically were used. An instance of an experiment with cells grown anaero- 


bically is recorded in Table XI. 


Table XI. Reaction between fumarate and formate in Bact. coli 


Cells grown anaerobically. Manometric experiment. Each flask contained 3 ml. bacterial 
suspension with 1 mg. bacteria; flasks with two side-arms and centre chamber were used; 2 series 
were carried out, one with phosphate saline (alkaline hydrosulphite in centre chamber) and the 
other in bicarbonate saline. The first yielded figures for H,, the second for H, + CO,. 


4 
1 2 3 0-1 ml. formate 
0-1 ml. 0-5 ml. (0-1 M) 
Substrates added to 3 ml. formate fumarate 0-5 ml. fumarate 
suspension (0-1 M) (0-2 M) (0-2 M) 
H, formed in 100 min. 9 175 0 0 
CO, formed in 100 min. 2 2 76 121 
Bicarbonate formed in 100 min. -7 170 38 226 
Succinate formed in 100 min. — 157 467 


The experiment shows (second column) that formate, as is well known, is 
split into bicarbonate and hydrogen, both products being equivalent within the 
limits of error (170 and 175 yl.). If fumarate is present, however, no hydrogen 
is formed from formate but instead bicarbonate and succinate appear. Whilst 
the increase in bicarbonate is about the same as in the absence of fumarate, the 
increase in succinate is considerably above the expected amount (310 pl. 
instead of 188 yl.). Furthermore, there is an additional formation of free 
carbon dioxide, if formate is added to fumarate. 

Since it is known that the anaerobic cells, unlike aerobic cells, split formate 
into bicarbonate and hydrogen it is interesting to enquire whether the splitting 
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of formate into bicarbonate and hydrogen is essential for the interaction between 
formate and fumarate. Experiments show that there is no reaction (21) unless 
the cells contain active hydrogenlyase; the parallelism between the occurrence 
of active hydrogenlyase and of reaction (21) in Bact. coli is strict and this leads 
to the conclusion that reaction (21) is not a direct reaction, but the result of the 
two reactions (20) and (16). In addition to the parallelism mentioned there are 
the following facts which indicate that (21) is the balance sheet of (20) and (16): 

(1) Small quantities of hydrogen are actually formed in the course of 
reaction (21). In the experiment recorded in Table XI, for instance, 12 pl. 
hydrogen were set free in flask 4 after 10 min. but were reabsorbed subsequently. 

(2) The rate of (16) is at least as great as that of (20) as the theory requires. 

(3) Reaction (16) induces according to §III9 an increased fumarate 
fermentation. Formate has the same effect as indicated by the excess of CO, 
and succinate mentioned above. The effects of formate and of hydrogen are of 
the same magnitude. 


11. Occurrence and formation of succinate in Bact. coli 


The previous sections have shown that fumarate functions as hydrogen 
acceptor for a number of oxidizable substances in Bact. coli. The demonstration 
of the carrier function, as explained before, has to include the proof of the 
occurrence of the carrier. It is immaterial obviously whether the occurrence of 
the reduced or of the oxidized carrier is shown. 

Since Grimbert [1896] discovered succinate among the products of fermen- 
tation of sugar in Bact. coli, the formation of this substance has often been 
demonstrated qualitatively. Our own experiments which are recorded in 
Table XII supplement the existing literature with quantitative data about the 
rate of formation of succinate. First it will be seen that considerable quantities 


Table XII. Formation of succinate in Bact. coli 





Bicarbonate saline; anaerobic conditions; the experiments were continued until the fermentation, as measured 
by gas production, was finished; cells grown aerobically; blanks deducted. 


mg. 
cells 
used 
62 
62 


t — 
<= 0 00 GO > Hm wo Oo WO Oo 


He He bo 


toa 
bo or 


— 





Time sa 
required for Succinate 
decomposition Succinate _ formed_ x 100 
of the sub- Substrate added Initial formed Substrate ~~ 
strate (min.) pl. pH pl. Qeaceinate fermented 
360 o 7-0 122 0-33 — 
360 Glycerol (448) 7-0 182 0-49 40-6 
180 Glucose (628) 7-5 93 10-3 14-8 
240 Laevulose (639) 7-5 161 13-4 25-2 
220 Mannose (640) 7-5 157 14-1 24-5 
380 Mannitol (636) 7-5 191 10-0 30-0 
380 Galactose (380) 7-5 290 2-5 76-3 
360 dl-Glyceraldehyde (224) 7-0 64 0-57 28-6 
140 Pyruvate (1346) 7:3 56-2 5-1 4-2 
200 Pyruvate (2700) 7-5 266 11-9 9-9 
40 Pyruvate (1344) 7-5 143 11-9 10-6 
40 Pyruvate (1344) 6-2 146 12-2 10-8 
60 Pyruvate (1344) 7-5 96 11-7 7-1 
180 Pyruvate (1344) 7-5 65 2-9 4:8 
60 Pyruvate (1344) 7-5 57 6-1 4-2 
280 — 7-5 92 0-58 — 
160 Galactose (251) 7-5 253 1-8 101 
990 — 7-1 348 0-43 — 
990 — 71 300 0-24 —- 


* 1 millimol = 22400 yl. 


Strain 
used 
1318 
1318 
1318 
1318 
1318 
1318 
1318 
1318 
1318 
1318 
1318 
1318 

1 


2 
3072 
3072 
3072 


noe 
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of succinate appear in washed cells to which no substrate has been added. These 
cells show also a small formation of acid if suspended in bicarbonate saline and 
the comparison of acid formation and succinate formation indicates that 80- 
100%, of the acid formed by washed cells is succinic acid. This holds for the 
4 strains examined. 

All the hexoses form succinate rapidly, the rate being highest with glucose, 
mannose and fructose, whilst the yield is highest with galactose. Two different 
strains yielded 76 and 100 mol. of succinate for each 100 mol. of galactose 
fermented. 

Pyruvate and mannitol yield succinate about as rapidly as the hexoses. 
Glycerol is very slowly fermented but gives a high yield of succinate. 


12. Replacing fumarate by malate 


In all the experiments described in this paper fumaric acid may be replaced 
by 1(+)malic acid, since Bact. coli contains a very potent fumarase [Quastel & 
Whetham, 1924] which catalyses the reaction fumarate +H,O —= malate. The 
speed with which the equilibrium is established is more rapid than that of all the 
other reactions which fumarate and malate undergo. It is therefore in accordance 
with expectation that we find no significant differences if we add fumarate or 
malate to the cells. 

d(—)Malate reacts slowly in Bact. coli aerobically as well as anaerobically. 
The rate of the aerobic oxidation and of the anaerobic fermentation is about 1/5 
of that of 1(+)malate. l(—)Aspartate which is known to yield fumarate in 
Bact. coli can replace fumarate qualitatively [v. Harden, 1901] butin an anaerobic 
experiment in which glycerol was the ‘substrate for the oxidation, the rate of 
oxidation by aspartate was 48% only of that observed in the presence of 
fumarate. It appears thus that the production of fumarate from aspartate was 
slower than the oxidation of glycerol by fumarate. 


It may be mentioned that methylene blue may also replace fumarate in many of the reactions 
described, and since it can act as hydrogen donator towards O, it can also function as hydrogen 
carrier. One may be tempted to assume that methylene blue acts through the intermediation of 
fumarate and succinate, e.g. that the reduction of methylene blue by hydrogen is the result of 
the following two reactions: 

H, + fumarate =succinate 

Succinate + methylene blue = fumarate + leucomethylene blue. 
However, H, reacts with methylene blue about twice as fast as with fumarate, and fumarate 
therefore cannot be the intermediate in the reaction between H, and the dye. 


13. Reoxidation of succinic acid 


It was shown in the preceding sections that fumarate acts as hydrogen 
acceptor. If it is a hydrogen carrier, its reduced form, succinate, must act as 
hydrogen donator. It is well known that succinate is in fact readily oxidized in 
Bact. coli in the presence of molecular oxygen. An instance of the rate of this 
reaction under our conditions is given in Table VI, and it will be seen that the 
rate of reoxidation of succinate is faster than that of the reduction of fumarate 
by glucose. We find that the same applies to other substrates (except lactate, 
see § VIII 1); the rate of hydrogen transport by fumarate is therefore deter- 
mined by the rate of its reduction. 

The oxidizing agent for succinate is molecular oxygen, activated through the 
intermediation of specific enzymes and possibly specific carriers of the cyto- 
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chrome type. This settles point 4 of the programme in the case of fumarate, the 
question of the nature of the chemical grouping accepting the hydrogen from 
succinate. 

14. Source of the hydrogen transported by fumarate 


Now point 3 of the programme, the nature of the grouping donating hydrogen 
to fumarate, remains to be discussed. This question can be studied in a more 
general way by examining the reduction of fumarate by different organic 
molecules (see Table V), but this method does not exactly define the reacting 
hydrogen atoms. More detailed information can be obtained by the following 
kind of considerations: the chief pathway of the oxidative breakdown of glycerol 
is probably 
acetic acid 


Glycerol — glyceraldehyde — glyceric acid — pyruvic acid” e 
formic acid 


Fumarate has been shown to oxidize glycerol, glyceraldehyde, pyruvic and 
acetic acids and the rates of oxidation are in the case of the first two substances 
almost the same as that of the aerobic oxidation. We may conclude from this 
that fumarate is concerned with the hydrogen transport which brings about 
the above series of chemical changes. We shall see in § VIII 4 that in many 
cases the hydrogen transported by fumarate is not the hydrogen of organic 
molecules, but the hydrogen of water. 


§IV. PyRUVATE AS HYDROGEN CARRIER 


Since the occurrence of pyruvate and the re-oxidation of lactate in Bact. coli 
is sufficiently well established by previous workers, the evidence for the carrier 
action of pyruvate will be complete if it can be shown that the reduction of 
pyruvate to lactate is brought about by normally occurring substrates. So far 
only one reaction is known in which pyruvate is reduced, namely (12). This 
reaction is important in the respiration of certain cocci [Krebs, 1937], whilst in 
Bact. coli it seems to occur in acid medium only (see § IIT 5a). 


§V. OXALOACETATE AS HYDROGEN CARRIER 


If oxaloacetate is added to Bact. coli a rapid decomposition sets in during 
which bicarbonate, free CO, and succinate are formed. As shown in Table XIII 


Table XIII. Fermentation of oxaloacetate in Bact. coli 


Time required for 


mg. Oxalo- decomposition of pl. 
Strain bacteria acetate oxaloacetate succinate pl. CO, 
no. used added “€. min. formed liberated 
1318 7-7 672 40 45 320 470 
1 10-3 672 40 110 346 354 
1 14-4 504 18 300 256 251 


about 50% of the added substrate is reduced to succinate and about the same 
quantity of free CO, is formed. The initial rate of this “‘fermentation”’ of oxalo- 
acetate is very rapid. About 100 ul. CO, per mg. and per hour are formed at 40° 
if excess of oxaloacetate is present. 

The fermentation indicates that oxaloacetate can be reduced, either by 
another molecule of oxaloacetate, or more probably by one of the anaerobic 
split products of oxaloacetate, pyruvate, acetate or formate. Addition of one of 
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the latter three substances has no effect on the yield of succinate from added 
oxaloacetate and we have not been able to define in detail the oxidative equi- 
valent for reduction of oxaloacetate. Since the products of the reduction, 
fumarate and succinate, are readily re-oxidized, and since oxaloacetate can be 
formed from succinate, oxaloacetate may be considered as a hydrogen carrier. 
As long as the oxidative equivalent of the “‘fermentation” of oxaloacetate is 
unknown, it is not possible to define the exact role of oxaloacetate as hydrogen 
carrier. It may well be that it takes part in some of the dismutations observed 
in the presence of fumarate. The organic substrate may oxidize fumarate to 
oxaloacetate and a secondary reduction may regenerate fumarate. This would not 
affect the balance sheet which appears to be a reduction of fumarate by the 


substrate. 
§ VI. CARBON DIOXIDE AS HYDROGEN CARRIER 


Reaction (12), which occurs in cocci, and in Bact. coli if the medium is acid, 
is an intermolecular oxidoreduction in which two molecules react with the 
elements of water, one being reduced, the other being oxidized. Reaction (11) 
may be considered in an analogous manner as an intermediate oxidoreduction 
in which CO, (or H,CO,) acts as hydrogen acceptor for the hydrogen of the 
water: 

(22) CH,.CO.COOH + H,O + CO,=CH,.COOH +CO,+ HCOOH. 

In this view, formate arises from the CO, and the H,O of the medium, and not 
from the carboxylic group of the pyruvic acid. Although there does not appear 
to be a possibility of conclusive experimental proof for the mechanism in (22), 
various considerations can be put forward which favour the scheme. First, (22) 
brings into line the fermentation of pyruvate with a number of other “dis- 
mutations” in Bact. coli in which the elements of water are taken up by two 
reactants (§ VIII 4). Secondly, the view offers a possibility of explaining the 
necessity of carbon dioxide for the growth of bacteria. It has been known for 
some time that CO, is essential for the growth of certain bacteria including Bact. 
coli [v. Gladstone et al. 1935]. The fact that CO, is required suggests that it takes 
part in metabolism, but no metabolic reaction of general importance in which 
CO, may play a role has hitherto been shown. Reaction (11) is an intermediate 
stage in the breakdown of many substrates (glucose, glycerol, lactate, succinate) 
and (22) suggests that CO, is required as hydrogen acceptor for this reaction. 
Since the formate produced by the reaction is oxidizable in the presence of 
oxygen in Bact. coli, CO, may act not only as hydrogen acceptor but catalytically 
as hydrogen carrier. 


§ VII. Errect oF “ACTIVATORS”? ON THE METABOLISM OF BacrT. COLI 


In a previous paper on Staphylococcus we showed that the rates of fermen- 
tations and of oxidations in this organism can be accelerated by boiled extracts 
from yeast. We find similar effects in Bact. coli although the degree of acceleration 
is here generally less marked. With our strain 2 increases of 200-300 % of the 
rate of the following reactions were observed: oxidation of glucose, succinate, 
lactate, glycerol, fermentation of pyruvate, fermentation of glycerol, hydro- 
genation of fumarate by molecular hydrogen. The oxidation of formate was not 
affected by yeast extract. 

This strain gave comparatively low metabolic quotients without yeast 
extracts (Q@"°*=80). Two other strains of Bact. coli which gave higher 
quotients (Q@"°* = 150) showed relatively smaller accelerations on addition of 
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yeast extract. Yeast extract thus tends to level the differences in metabolic 
rates of different strains. Boiled extracts from cytolysed mammalian blood cells 
act in a similar way to yeast extract as, for example, boiled and filtered solutions 
of “carbonic anhydrase” prepared according to the directions of Roughton 
[1934]. 

§ VIII. Discussion 


(1) Role of hydrogen carriers in respiration. We have seen that fumarate, 
pyruvate, oxaloacetate and probably carbon dioxide can act as hydrogen 
carriers in Bact. coli. The majority of substrates, for example glucose, glycerol, 
glyceraldehyde and acetate, do not react directly with the activated oxygen but 
only through one or several of the hydrogen carriers. Among these carriers 
fumarate is the most important one. 

The figures obtained for the ratios (9) and (10) indicate that succinate is not 
the only substance with which molecular oxygen reacts “directly”. The observed 
facts concerning the rates of oxidation of carbohydrates and their biological 
derivatives can be accounted for if we assume that activated oxygen reacts with 
4 substances: succinate, formate, lactate and malate. This view is supported by 
the following facts and considerations: 

(a) Formate is oxidized in the presence of 0-01.M formaldehyde which 
inhibits the oxidation of most substrates including succinate. The cells must 
therefore possess a separate system for the aerobic oxidation of formate. 

(6) Some strains of Bact. coli oxidize lactate more rapidly than succinate 
(see e.g. Table II). In the case of our strain 2 lactate is twice as rapidly oxidized. 
Although lactate can be oxidized by fumarate (see § III 8) there must be a 
second mechanism of oxidation of lactate in which fumarate is not required. 

(c) The discrepancy between the rates of the aerobic and anaerobic oxidations 
of fumarate (see § III 3) makes it necessary to assume that oxygen reacts with 
fumarate not only through succinate but also in a more direct way. 

(d) It was shown in §II 4 that the oxidations of succinate, lactate and 
formate tend to summate if the substrates are present together. This is further 
evidence in favour of separate systems concerned with the oxidation of these 
substrates. 

(e) Lactate and formate are oxidized in toluene-treated cells [Quastel, 1924]. 
We find that these cells do not bring about dismutations with fumarate. This 
again supports the view that fumarate is not necessarily required for the 
oxidation of lactate and formate. 

The picture which thus emerges from the present investigation indicates that 
oxygen, in respiration, reacts with only a very limited number of substances. 
Most of the oxidations are brought about by intermolecular dismutations which 
are essentially the same type of reactions as fermentations. 

(2) Mechanism of dismutations. It should be recalled that all our reaction 
schemes are simplified and neglect the role of enzymes, coenzymes and other 
catalysts. Many of the reactions are “carrier-linked reactions” described by 
Quastel & Wooldridge [1929] and Green e¢ al. [1934]. The recent work of 
Dewan & Green [1937] suggests that coenzyme I is the natural “carrier” in 
the cells. 

(3) Previous work on intermolecular oxidoreductions in Bact. coli. Several of 
the reactions studied in this paper have been described or discussed by previous 
workers. Thus Quastel et al. [1925] found that Bact. coli grows anaerobically if 
fumarate plus glycerol or fumarate plus lactate are present in the broth and they 
concluded that reduction of fumarate by the second substrate provides the 
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energy for the growth; they proved the reduction of fumarate by the isolation 
of succinate. Harden [1901] has shown that Bact. coli reduces aspartate in the 
presence of glucose to ammonium succinate. The data published previously, 
however, do not allow us to decide whether the dismutations play a role in the 
normal metabolism of the cell. It is the main object of the present paper to 
co-ordinate the dismutations to the major metabolic processes, in the first place 
to respiration. 

(4) Participation of water in hydrogen transport. Whilst a number of oxida- 
tions by fumarate can be described as a transfer of hydrogen from the organic 
molecule to fumarate, there are many other cases of oxidation in which water 
participates as hydrogen donator. Examples are the oxidation of acetate 
(§ IIT 4), the oxidation of pyruvate to acetate and the oxidation of formate to 
bicarbonate. 

The idea that it is the oxygen of water that oxidizes organic molecules in 
respiration has been discussed by Traube, Bach, Batelli & Stern and Wieland. 
Wieland, e.g. [1932], assumed that a hydrate of the substrate (aldehyde or 
xanthine) is formed first and that the oxidized product arises from dehydro- 
genation of the hydrate. It follows from experiments reported in this paper that 
water takes part even in cases in which there is no chemical evidence for the 
formation of a hydrate. As long as only the balance sheet of the oxidations is 
studied, e.g. the reaction 

(23) CH,.COOH + 20, = 2CO, + 2H,0, 


it must remain open whether the oxygen atoms appearing as CO, are those 
contained in the O,, but when reaction (23) is resolved into 


(24) CH,;.COOH+2H,0+4 fumarate =2CO,+4 succinate 
and 4 succinate + 20,=4 fumarate + 2H,O, 


it becomes clear that molecular oxygen reacts with acetate to form CO, only 
through the intermediation of water. The same considerations apply to analogous 
cases: e.g. the oxidation of lactate to acetate; reaction (1) has to be formulated 


in these cases as 


Substrate + H,O + carrier = oxidized substrate + reduced carrier. 


SUMMARY 


1. Fumarate, pyruvate, oxaloacetate and probably carbon dioxide act as 
respiratory catalysts (hydrogen carriers) in Bact. coli. Their roles have been 
studied. 

2. Methods are developed for studying the intermediary transport of 
hydrogen by carriers. The role of the carrier can be described by the two 
equations: 

(1) Substrate + carrier = oxidized substrate + reduced carrier. 
(2) O,+reduced carrier = carrier + H,0O. 


The partial reaction (1) was studied independently of (2) by adding an excess 
of the carrier and excluding oxygen. 

3. A modification of the method of Szent-Gyérgyi & Gézsy for the deter- 
mination of succinic acid is described. 

4. An analysis of additive and competitive oxidations which is of interest 
for the calculations and for the deductions of blanks has been made. 
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5. Fumarate oxidizes anaerobically glucose, malate, lactate, acetate, glycerol, 
dl-glyceraldehyde, pyruvate, butyrate, acetoacetate, /(+)glutamate and mole- 
cular hydrogen. Data concerning the rates of the oxidations are given. Formate 
is not oxidized by fumarate unless the cells contain active hydrogenlyase and it is 
concluded that there is no direct interaction between fumarate and formate, 
but only a reduction of fumarate by the hydrogen liberated from formate. 

6. The rates of the anaerobic oxidation by fumarate of glucose, malate, 
acetate, glycerol, glyceraldehyde, pyruvate and lactate were compared with the 
rates of oxidation by molecular oxygen of the same substrates. The data indicate 
that fumarate plays an important role as hydrogen carrier in the respiration of 
Bact. coli if the substrates mentioned are present. 

7. Pyruvate appears to act as hydrogen carrier only in acid medium, being 
concerned with the oxidation of pyruvate to acetate according to the equation: 
2 pyruvate + H,O =acetate + CO, + lactate. 

8. Oxaloacetate is rapidly fermented by Bact. coli, about 50% being reduced 
to succinate and the remaining 50% being oxidized. The significance of this 
reaction for hydrogen transport in respiration is discussed. 

9. It is suggested that CO, acts as hydrogen acceptor in the case of the 
oxidation of pyruvate to acetate according to the equation: 


pyruvate + H,O + CO, =acetate + CO, + formate. 


10. It is shown that many oxidations are primarily dismutations in which 
the elements of water react, the hydrogen being accepted by the carrier, the 
oxygen by the organic molecule. The oxygen atoms appearing in the form of 
carbon dioxide are consequently derived from water, and not from molecular 
oxygen. Examples of such a participation of water are the oxidations of acetate 
and of pyruvate. 

11. The splitting of formate into hydrogen and bicarbonate is also a dis- 
mutation in which water takes part: HCOO-+ H,O=H,+HCO,-. Experiments 
with heavy water carried out by Farkas et al. [1934] are adduced as evidence. 

12. The hydrogen carriers effect the hydrogen transport between organic 
molecules and molecular oxygen. The observed facts can be explained on the 
assumption that “activated” molecular oxygen reacts only with succinate, 
formate, lactate and malate when carbohydrates or related substances such as 
glycerol, glyceraldehyde, pyruvate and acetate are oxidized. The rest of the 
oxidations are brought about by dismutations of the substrates with fumarate, 
pyruvate and oxaloacetate. 

13. Fumarate is fermented according to the equation: 


7 fumarate =6 succinate + 2CO,+2 bicarbonate. 


14. Fumarate promotes catalytically the fermentation of pyruvate. 

15. Pyruvate yields no lactate and little or no free CO, if the reaction is near 
the neutral point, but yields considerable amounts of lactate and CO, if the 
medium is saturated with 1 atm. CO, and if the pH is 5-4. 

16. Molecular hydrogen is absorbed in the presence of oxaloacetate, but 
probably only after primary reduction of oxaloacetate to fumarate. Pyruvate 
does not react with molecular hydrogen. The reaction between hydrogen and 
fumarate is inhibited by molecular oxygen. 

17. The rates of formation of succinic acid from various hexoses, glycerol, 
dl-glyceraldehyde and pyruvate, have been studied. The rate is highest in the 
presence of glucose and mannose, whilst the yield is higher in the presence of 
galactose and glycerol. 
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18. The acid formed anaerobically by washed cells was found to be chiefly 
succinic acid. 


I wish to thank the Medical Research Council and the Rockefeller Foundation 
for grants. 
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CCLVIII. THE DETERMINATION OF 
ASCORBIC ACID IN BLOOD 


By ADRIANUS EMMERIE anp MARIE VAN EEKELEN 
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(Received 1 September 1937) 


TITRATION with 2:6-dichlorophenolindophenol [Tillmans et al. 1932] and titration 
with methylene blue in bright light [Martini and Bonsignore, 1934] are the most 
important methods for the determination of ascorbic acid. The method most 
widely used is that of titration against 2:6-dichlorophenolindophenol in acid 
medium. Titration with methylene blue, however, is more specific because some 
sulphur-compounds (cysteine, ergothioneine and thiosulphate) which interfere 
with the titration with 2:6-dichlorophenolindophenol do not influence the 
titration of ascorbic acid with methylene blue. These interfering sulphur-com- 
pounds can be eliminated by precipitation with mercuric acetate [Emmerie, 
1934; Emmerie & van Eekelen, 1934]. 

In our laboratory the determination of ascorbic acid in blood, which is of 
great importance for the diagnosis of vitamin C deficiency, is carried out by 
titration with 2:6-dichlorophenolindophenol after treatment of the trichloro- 
acetic acid extract with mercuric acetate and H,S [van Eekelen et al. 1937]. 
Recently Lund & Lieck [1937] have described a method for the estimation of 
ascorbic acid in blood serum by titration with methylene blue at pH 2-3. In 
this way only the reduced ascorbic acid present in serum can be detected; the 
ascorbic acid content of whole blood and of serum containing oxyhaemoglobin 
cannot be estimated by this method, for in the presence of oxyhaemoglobin 
ascorbic acid passes into the reversibly oxidized state when the proteins are 
precipitated [Kellie & Zilva, 1935; 1936; van Eekelen, 1936; Borsook et al. 1937; 
Johnson & Zilva, 1937]. 


According to Gabbe [1937] and Fischer [1937] ascorbic acid is not oxidized but adsorbed by 
oxyhaemoglobin during the precipitation of oxyhaemoglobin. If this is true, a quantitative deter- 
mination of ascorbic acid in whole blood is impossible in the presence of oxyhaemoglobin [Gabbe, 
1937]. We do not at all agree with this opinion. It appears from our earlier investigations [van 
Eekelen, 1936] that a definite quantity of ascorbic acid added to whole blood is recovered com- 
pletely as well in the presence of oxyhaemoglobin as of reduced haemoglobin and of carboxy- 
haemoglobin. The following experiment shows that the loss of ascorbic acid in the presence of 
oxyhaemoglobin is only apparent because ascorbic acid is partly reversibly oxidized and can be 
regenerated by reduction with H,S. 

20 ml. of whole human blood (containing 20 mg. of potassium oxalate to prevent clotting) are 
aerated and 1 ml. of a solution of crystalline ascorbic acid (Hoffmann-La Roche) in 0-85°% NaCl 
(containing 4-03 mg. ascorbic acid per ml.) is added. 20 ml. of the same blood are saturated with 
CO, and the same quantity of ascorbic acid is added. The ascorbic acid content of the blood being 
0-17 mg. per 20 ml., the total quantity in both samples amounts to 4-20 mg. To both samples 
20 ml. of a 10% solution of trichloroacetic acid are added, the mixture is centrifuged and the 
ascorbic acid content of the supernatant liquid determined. 10 ml. of the supernatant liquid are 
neutralized with CaCO, and 2 ml. of a 20% solution of mercuric acetate are added to remove 
interfering reducing substances. The precipitate is centrifuged, the supernatant liquid is treated 
with H,S, filtered and, after standing overnight, titrated after removal of H,S. 
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mg. ascorbic acid per 10 ml. 
trichloroacetic acid extract 
A 





‘ 
After precipitation After reduction 
with CC],COOH with H,S 
Aerated blood 0-55 1-03 
Blood saturated with CO, 0-99 1-03 
These observations demonstrate that in the presence of oxyhaemoglobin a considerable part of the 
ascorbic acid is reversibly oxidized. The quantity of ascorbic acid in both samples is recovered 


completely after reduction with H,S (10 ml. of the blood extract contain 1-03 mg., the total amount 
of the extract, 41 ml., contains 4-1 x 1-03 =4-22 mg.). 


We prefer the determination of ascorbic acid in whole blood since the ratio 
of the ascorbic acid content of erythrocytes to that of plasma varies under 
abnormal conditions (e.g. vitamin C deficiency or anaemia) [Heinemann, 1936]. 

To investigate if our extracts of whole blood still contain interfering reducing 
substances after treatment with mercuric acetate and H,§, parallel determina- 
tions have been carried out with 2:6-dichlorophenolindophenol and with 
methylene blue. 


EXPERIMENTAL 


The extracts of the blood are prepared by the method described by us 
[van Eekelen et al. 1937] and titrated (1) according to our method with 
2:6-dichlorophenolindophenol and (2) with methylene blue after Lund & Lieck 
[1937]. The quantity of methylene blue reduced by a given amount of ascorbic 
acid depends besides other factors on the pH of the medium [Neuweiler, 1936]; 
therefore we have standardized the methylene blue solution by titrating 2 ml. 
of the blood extract with and without addition of a given quantity of pure 
ascorbic acid. Blood extract and methylene blue solution have nearly the 
same pH (4-5). Under our experimental conditions, 1 ml. of methylene blue 
solution corresponds to 14-8y of ascorbic acid. The quantity of methylene blue 
used for titration of 2 ml. extract of ten different specimens of whole human 
blood was observed to vary from 0-13 to 0-88 ml. In the following table results 
of parallel determinations are given. 


mg. ascorbic acid per litre blood 








_ _ 
Methylene 2:6-Dichlorophenol- 

Sample blue method indophenol method Difference 
1 2-4 2-8 +0-4 
2 3°8 3°7 -0-1 
3 6-7 6-4 —0-3 
4 7-4 6-9 —0°5 
5 9-8 9-2 — 0-6 
6 10-6 10-6 0 
2 12 11 -1 
8 12-6 12-4 -0-2 
9 13 12-8 —0-2 

10 16-3 16-1 —0-2 
Average -0-27 


From this table it will be seen that the values by both these methods closely 
agree with each other. Substances other than ascorbic acid which reduce both 
methylene blue and 2:6-dichlorophenolindophenol may still occur in the blood 
filtrate but cannot at present be detected. 


| 
| 
| 
| 
| 
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SUMMARY 


The ascorbic acid content of extracts of whole human blood prepared accord- 
ing to our method has been determined by titration against 2:6-dichlorophenol- 
indophenol and methylene blue. The same values having been found, we may 
conclude that all the interfering substances which reduce 2:6-dichlorophenolindo- 
phenol and which do not reduce methylene blue are removed by precipitation 
with mercuric acetate. 
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DuRING recent years several communications dealing with micro-methods for 
the determination of iodine have appeared. In this connexion we have found it 
desirable to amplify our previous communications [Reith, 1929; 1930; 1933; 
1935] with new data, in the hope that by clear definition of manipulative details 
we shall contribute to the attainment of that uniformity in technique, which is 
so much to be desired. 

Knowledge of the previous papers is assumed. The azide-bromine-sulphuric 
acid method is employed in all the experiments to be described. Most of the 
reagents (0-5 N H,SO,, 5% sodium azide, saturated bromine water, 1% 
NaNO, etc.) were prepared in the manner already described. The K,CO, solution 
contained 780 mg. of anhydrous K,CO, per ml. Modified methods of pre- 
paration were used for two of the reagents: 0-5% starch solution was rendered 
stable for several months by the addition of 0-8 % of salicylic acid, while 0-001 N 
Na.S,0, was effectively stabilized by addition of 1% amyl alcohol [Meyr & 
Kirschbaum, 1928]. It should be mentioned that the alcoholic extracts were 
evaporated in a dust-free stream of nitrogen following Harvey [1935], and the 
residues were never heated subsequently. Heating a residue containing only 
10-20 mg. K,CO, could easily lead to loss of iodine (see under § 5). All experi- 
ments except those described in § 3 were carried out in porcelain dishes. 


(1) Extraction of traces of iodide from salt mixtures 


The isolation of traces of iodide from a mixture of salts (consisting chiefly 
of K,CO, in practice) is usually carried out according to the method of von 
Fellenberg. This well-known method, however, is very tedious and incompletely 
defined. Hamilton [1936] first described an extraction method, which in our 
experience still possesses some slight practical objections. We prefer the technique 
described below, which is applicable to the determination of iodine in water, 
urine etc. to which 2-2-5 ml. K,CO, solution have been added. 

Method of extraction. The mixture of salts to be extracted is transferred with 
the help of a little water from the dish to a graduated 10 ml. test-tube with a 
glass stopper. If one repeatedly uses about six drops of water and rubs it round 
the dish with a glass rod or rubber swab, the material can be transferred quan- 
titatively in a total volume of about 3-5 ml. The contents of the tube are then 
shaken up so that the upper layers are not too dilute and do not mix with the 
alcohol. If necessary the volume may be greater but it should not exceed 5 ml. 
5 ml. of 93% (by weight) alcohol (sp. gr. 0-815 at 15°) are now added, the tube 
is stoppered and inverted fifty times, the air bubble being allowed to rise to 
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the top each time. The two layers are then allowed to separate for a few 
minutes, while the stopper is removed and placed in 
a small clamp to prevent the attached liquid from 
being lost. 

The test-tube is then fitted with a doubly bored 
cork carrying a short and a long tube (see Fig. 1) so 
that the latter reaches to within 2 mm. of the aqueous 
layer. The alcoholic layer is then blown over into a 
dish. The cork with the tubes is removed and hung 
in such a position that none of the adhering alcoholic 
extract goes astray. The extraction is then repeated 
in the same manner with 5 ml. of alcohol and the 
extract blown over from a distance of 2 mm. from 
the aqueous layer. 

From the numerous control experiments we have 
carried out we give a few below, which indicate the 
reliability of this rapid method. 








(a) 2ml. of K,CO, solution + 200 mg. of NaCl+ water to 5 ml. 
Extracted with 93% alcohol as described. After each treatment 
the volumes were 5-0, 3-9 and 3-3 ml. Two extracts together con- Fig. 1. Apparatus for iodide 
tained on titration 14 mg. of K,CO, and 79-5 mg. of NaCl. extraction. 

(6) As (a) but extracted with absolute alcohol. After each 
treatment the volumes were 5-0, 3-4 and 2-4 ml. (separation of NaCl crystals). The two extracts 
together contained 11 mg. of K,CO, and 79-5 mg. of NaCl. 

(c) 2-5 ml. of K,CO, solution+50y of iodide ion evaporated in a dish to crystallization. 
Rinsed into a graduated test-tube with portions of 6 drops of water until the volume was 3-5 ml. 
Extracted three times with 5 ml. portions of 93% alcohol as described but each time inverted 
only 30 times. Found: 

lst extract contained 45-8y iodine and 3-0 mg. K,CO,. Vol. of aqueous layer 3-0 ml. 
2nd es 4-4 ‘ 1-4 s ‘a 2-7 ., 
3rd _ 0-5 ss 0-9 ” ” 26 ;, 

(d) 2 ml. K,CO, solution +50 iodide ion treated as under (c) but diluted?to 6 ml. Found: 
Ist extract contained 44-0 y iodine and 76 mg. K,CO,. Vol. of aqueous layer 3-8 ml. 
2nd “s 6-8 a 12 “a a PT 
3rd a 0-4 Pe 1-8 a a 2-2 45 

(e) 2-5 ml. K,CO, solution +50y iodide ion treated as under (c) but diluted to 6 ml. Found 
in Ist extract 45-9 y, in 2nd extract 3-8 y and in 3rd extract 0-3 y of iodine. 

(f) 2-5 ml. K,CO, solution +5-0y iodide ion made up to 5-0 ml. and extracted according to 
the recipe (except that the tube was inverted 40 times). Found in two extracts combined 5-0y 


iodine. 





Exps. (a) and (5) differ as regards the strength of the alcohol used. It appears 
that absolute alcohol extracts almost as much salts (at least of K,CO, and 
chloride) as 93°% alcohol: the latter is simpler to prepare and therefore was 
employed in all subsequent experiments. 

Exps. (c), (d) and (e) differ mutually as regards the K,CO, concentration in 
the aqueous layer. It appears that the extraction of iodide is complete even 
from relatively dilute K,CO,. The amount of K,CO, extracted along with the 
solvent increases rapidly with the dilution of the aqueous layer. 

If the recipe is.followed and 2-2-5 ml. of K,CO, solution are diluted to not 
more than 5-0 ml., the amount of K,CO, extracted by the solvent does not 
interfere with the subsequent titration. It has appeared that 30 inversions of the 
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tube are sufficient to ensure complete extraction; for safety, 50 inversions are 
made. From Exp. (f) it follows that a smaller amount of iodide can be extracted 
completely. 

This method of extraction was employed in all subsequent experiments. 


(2) Some new methods for the determination of small quantities of iodide 


According to Sandell & Kolthoff [1934; 1937] it is possible by a catalytic 
reaction to determine 0-05-1-0y of iodine with a maximum error of 20% and 
a mean error of 10%. In this method nitrites must be oxidized, fluorides must 
be made innocuous with aluminium chloride, and cyanides interfere with the 
reaction. In our opinion it is doubtful whether this interesting method will find 
much practical application; the presence of nitrites, fluorides or cyanides along 
with iodides is always possible in practice and therefore a protracted procedure 
must always be employed. The high degree of sensitivity is certainly an advan- 
tage but nearly always sufficient starting material will be available to ensure 
the presence of 1-2 of iodine, which may be determined titrimetrically. 

The colour reaction of Saifer & Hughes [1937] with dioxane, is not sensitive 
enough for micro-quantities of iodide ion. We have various objections to the 
method of Endres & Kaufmann [1936]. According to our experiments, which we 
need not describe in detail here, their colour reaction develops too slowly and is 
too weak with the smallest quantities of iodine (<6). Besides, in practice, the 
iodide is frequently mixed with nitrite, which makes determination by this 
method impossible. 

The application of formic acid (according to Viebock & Brecher [1929; 1933] 
and according to Spitzer [1936]) to remove bromine according to the reaction 


H.COOH + Br, +CO,+2HBr, 


is worthy of a closer examination. 

The above-mentioned authors have not examined how far this reaction is 
applicable to micro-iodine titrations. We have investigated this point because 
in this way it might be possible to dispense with the boiling out of bromine. For 
this purpose we prepared a 5% solution of sodium formate containing sufficient 
formic acid to react just acid to methyl orange (in all about 10% formic acid) 
and carried out the following experiments. 


(g) 2 ml. water+2 drops H,SO,+3 drops bromine water+0-1 ml. sodium formate: after 
standing for some time, potassium iodide and starch were added. No free bromine was detected 
after 10 min. 

(h) As (g) but contained 5-0 y of iodide ion. Found by titration 5-0 y iodine (six determinations). 


Thus the method gives accurate results with pure iodide solutions. In 
practice, however, it is frequently necessary to titrate mixtures of iodide and 
nitrite, in which the latter must be destroyed in the well-known way with an 
excess of sodium azide. It appeared to us that the excess of azide usually 
employed is an obstacle to the use of formic acid. 


(k) 5-0y iodide ion +3 drops azide acidified with H,SO, then as (g). Found 5-0». 
(l) 5-Oy iodide ion +5 drops azide acidified with H,SO, then as (g). Found 4:8 y. 
(m) 5-0y iodide ion +7 drops azide acidified with H,SO, then as (g). Found 4-1 y. 


From these results we concluded that in practice, the usual boiling method 
is to be preferred. 
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(3) The reduction of iodate in alkaline media with hydrazine 


Hydrazine has already been used as a reducing agent for micro-quantities of 
iodate in alkaline media by Wilke-Dorfiirt [1927], Harvey [1934; 1935] and 
Paal & Motz [1935]. The quantitative course of this reduction however is as yet 
incompletely known. Hamilton [1936] in a recent investigation has shown that 
the reduction of iodate proceeds to the extent of 97-100 % by boiling for 30 min. 
with 10 mg. hydrazine sulphate and then evaporating the mixture to dryness. 
From a single experiment it appeared that reduction was also complete by 
simply evaporating to dryness. The author does not state what volume is boiled 
and evaporated or how long this operation takes, so that it appears to us to be 
of interest to give an account of the following experiments. 

In the nine experiments numbered (n) to (v) inclusive, below, 10y of iodine 
were introduced as iodate into a platinum dish with 1 ml. of K,CO, solution and 
the quantities of hydrazine sulphate and water stated. After evaporation on 
the water-bath, the residue was extracted with alcohol and the iodide titrated. 
As is well known, iodate is not extracted with alcohol. 


(n) 5 mg. hydrazine sulphate +20 ml. H,O. Time of evaporation 15 min. Found in extract 
5-9y Lion. 

(0) 20 mg. hydrazine sulphate + 20 ml. H,O. Time of evaporation 15 min. Found in extract 
9-3y I ion. 

(p) 20 mg. hydrazine sulphate +50 ml. H,O. Time of evaporation 45 min. Found in extract 
9-2y LT ion. 

(q) 40 mg. hydrazine sulphate + 10 ml. H,O. Time of evaporation 10 min. Found in extract 
8-9y IT ion. 

(r) 100 mg. hydrazine sulphate +50 ml. H,O. Time of evaporation 45 min. Found in extract 
8-9y Lion. 

(s) 10 mg. hydrazine sulphate + 10 ml. H,O, after evaporation (10 min.), addition of the same 
amounts of hydrazine sulphates and water and again evaporating. Found in extract 8-5y I ion. 

(t) 10mg. hydrazine sulphate + 25 ml. H,O, after evaporation (20 min.) the same amounts of 
hydrazine and water added and evaporated (20 min.). Found in extract 8-4 I ion. 

(u) As (r) but 20 mg. NO,- added at the beginning as KNO,. Found 7-8y I ion. 

(v) As (r) but 20 mg. NO,~ added at the beginning as KNO,. Found 7-6y I ion. 


These experiments show that the reduction of iodate occurs to the extent of 
about 90 % if 20 mg. of hydrazine sulphate and 50 ml. of water are used and the 
mixture evaporated on the water-bath to dryness. This reduction method appears 
to us to be particularly useful for the determination of iodine in organic matter. 
The latter is destroyed by combustion in a stream of oxygen and the liberated 
iodide or iodine collected in wash-bottles containing alkali. At most one-sixth 
of the iodine can be present as iodate and if 90% of this is reduced, the loss of 
iodine as iodate in the extraction cannot exceed 2 % of the total. Reduction with 
hydrazine is to be preferred to reduction with SO, after acidification with H,SO, 
because less reagent is needed and the amount of salt is not increased. 

If complete reduction of the iodate is desired, boiling is necessary. According 
to the following experiment boiling is sufficient: 


(w) As Exp. (p) but boiled gently for 30 min. in a small Erlenmeyer flask over a small gas 
flame to a low volume. Found in the extract 10-2 y iodide ion. 


According to Hamilton, it is preferable to use hydrazine hydrate rather 
than hydrazine sulphate because the former is completely volatilized on 
evaporation. 
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(4) Is iodate produced when mixtures of iodide and potassium carbonate are 
heated in presence of an oxidizing agent? 


A definite answer to this question has never been given. Riggs [1909; 1910] 
states that iodate is formed when iodide is heated with a large excess of nitrate 
and alkali but Seidell [1909] was unable to confirm these results. We considered 
it of practical importance to investigate this question under clearly defined 
conditions of time and temperature, since such conditions are sometimes em- 
ployed in the micro-determination of iodine. 

In the experiments described below a block furnace made of bronze was used ; 
this instrument can be regulated very readily, and it has the great advantage 
that by its use it is impossible to overheat the dish locally. The furnace, which 
was very cheap (see Fig. 2), is cast in bronze and turned internally so that the 





Fig. 2. Bronze block furnace with double asbestos wall. Dimensions in mm. 


lid fits closely. The side walls and lid are provided with two layers of asbestos 
between which there is an air space 1 cm. wide. It is advisable not to take 
asbestos sheet, which has been in the laboratory for some time, but to take it 
straight from the warehouse, where it cannot have come into contact with iodine, 
and ignite it before use. The lid is removed by means of the spring (Fig. 26). The 
furnace stands on four iron feet, which are screwed into the block. When heated 
with three Teclu burners it reaches 500° within an hour and can be kept at this 
temperature without difficulty with one burner. Temperature corrections for 
exposed mercury thread in the nitrogen-filled thermometer must be carefully 
calculated, since they may be fairly high (25-35° at 450-550°). All temperatures 
mentioned below are corrected. 

The furnace has reached equilibrium as soon as the temperature of the metal 
(at a) and that of the interior differ by at most 5—10°. 

When the furnace has reached the desired temperature, the dish is placed 
inside on a pipeclay triangle. The thermometer again registers the desired 
temperature within 5 min. of opening and shutting the furnace. We considered 
it necessary to check the furnace carefully to see whether any iodine was picked 
up at 500° by a dish containing K,CO,. 

The following three heating experiments were carried out with this furnace 
(x, y and z). Mixtures of 100y of iodide ion+2 ml. K,CO, solution+80 mg. 
NaNO, were placed in small porcelain dishes. The mixtures were gently dried 
and then heated in the furnace for 30 min. The salt mixttire was then extracted 
with alcohol (=extract before reduction). The extracted salt mixture may 
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still contain iodate and was therefore treated with 20 mg. of hydrazine sulphate 
in the way already described, after which it was again extracted with alcohol 
(=extract after reduction). The results were as follows: 


(x) Heated at 400° for 30 min. Extract before reduction 97-6 y, after reduction 1-2 y iodine. 
(y) Heated at 450° for 30 min. Extract before reduction 99-2, after reduction 0-6 y iodine. 
(z) Heated at 500° for 30 min. Extract before reduction 98-2, after reduction 1-1 y iodine. 


The small amount of iodine, which we found after reduction (about 1°% of 
the total) may result from incomplete extraction. Thus no iodate is formed even 
on long heating in presence of a large excess of oxidizing agent, or at least it is 
formed in undetectable quantities. 

It may also be mentioned that heating with excess NaNO, at 500° has not led 
to noticeable loss of iodine. 


(5) The destruction of organic matter in open dishes in micro- 
iodine determinations 


It is generally assumed that the destruction of organic materials (e.g. organs 
and foodstuffs) in open dishes is impossible without loss of iodine, either by 
actual volatilization or by mechanical entrainment in the fumes and smoke. 
At the same time, heating in open dishes is employed by various investigators 
(e.g. in the examination of drinking water) in order to destroy small amounts of 
organic matter mixed with large amounts of K,CO,. Although the conditions 
are much more favourable there is reason to doubt whether a significant loss of 
iodine may not occur. In other words, can a temperature be found at which a 
small amount of organic matter may be completely destroyed and yet no loss of 
iodide occur by volatilization ? 

This question has been incompletely answered by previous investigators. 
Jochmann [1928] carried out heating experiments in platinum and nickel dishes 
in a muffle furnace; he states that porcelain and silica dishes are unsuited for this 
purpose. His conclusions are difficult to check since a description of his experi- 
ments with data as to the quantities of organic matter, K,CO, and iodide and of 
the times of heating is not given. 

One of us [Reith, 1929, 1, 2] carried out a series of experiments in an electric 
furnace and came to the following conclusions. 

I. On heating iodide mixed with little K,CO, solution (20y I+ 10 mg. K,CO,) 
no loss occurs at 300° in 5 min. but loss occurs at higher temperatures. The loss 
already reaches 30°% in 5 min. at 470°. 

II. On heating iodide mixed with a large proportion of K,CO, solution 
(20y 1+ 250 mg. K,CO,) no loss occurs at 470° in 30 min. 

III. On heating iodide mixed with much K,CO, solution and some organic 
matter (20y I+250 mg. K,CO,;+2 mg. cane-sugar) destruction was complete in 
30 min. at 470° and no loss of iodide was noticeable. 

Harvey [1935], who was unacquainted with the above-mentioned disser- 
tation, carried out similar experiments, which confirmed the conclusion reached 
under I; contrary to conclusion II he noted a loss of iodide up to 10% on 
heating with a large amount of K,CO, (1-4 g.) at 500°. On the other hand, 
Allot et al. [1932] failed to notice any loss on heating with a large proportion of 
K,CO, at 500°. 

The possession of the block furnace enabled us to carry out heating experi- 
ments in a more reliable manner than was possible with an electric furnace. 
Again we found it possible to heat iodide mixed with a large proportion of 
K,CO, (12-5y I1+2 ml. K,CO, solution) to a high temperature without loss of 
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iodine. On heating to 500° and even to 540° for 30 min. the whole of the added 
iodide was recovered when working in either porcelain or platinum dishes (see 
also Exps. x, y and z). Thus we have failed to confirm the suggestion that 
platinum catalytically accelerates the loss of iodine in these ignitions [Harvey, 
1935]. 

Subsequently, a number of experiments were carried out in porcelain dishes 
with mixtures of K,CO, with 30-50 mg. of various organic materials. It was soon 
apparent that after heating such mixtures for 30 min. at 500° or even at 550°, 
a large number of carbon particles were still present in the salt mass, which 
remained partly suspended in the alcohol during the extraction. These carbon- 
containing extracts can be filtered clear, provided that the filter papers are 
completely freed from alcohol-soluble material by thorough washing with 93 % 
alcohol. Filtration through a Schott 3 G 4 glass filter is most practicable. The 
residues from the filtered alcoholic extracts were, however, pale yellow and 
contained traces of organic matter, which made them unsuitable for titration. 
When these residues were again ignited with 2 ml. K,CO, solution, the resultant 
extracts were colourless but the loss of iodine sometimes reached as much as 20 %. 

Subsequently, the following method was investigated. 

A mixture of 2-5 ml. K,CO, solution +50 mg. of organic matter+iodide ion 
was dried in a porcelain dish, gently carbonized at 250-300° over an Argand 
burner and heated in the furnace at 500° for 15 min. The mixture was then 
taken up in 30 ml. of hot water and the carbon filtered through a 3 G 4 Schott 
glass filter after which it was washed three times with 10 ml. of hot water and 
twice with 5 ml. of 93% alcohol. The filtrates and washings were evaporated to 
a small volume, 10 mg. NaNO, were added (to oxidize traces of organic matter) 
and the resultant mixture again dried on a water bath and ignited, first over an 
Argand burner and finally in the furnace for 15 min. at 500°. The pure white 
product was then extracted with alcohol and worked up in the usual way. 

We give here the results of a series of experiments carried out by this 
method; many others were carried out and showed the same effect. 


Series A. 
(1) 50 mg. sugar without iodide. Found 0-5 y iodine. 
(2) 50 mg. sugar +20y I-ion. Found 20-0y iodine. Loss 0-5 on 20-5=2%,. 
(3) 50 mg. gelatin without iodide. Found 1-0 y iodine. 
(4) 50 mg. gelatin +20y I-ion. Found 18-8 y iodine. Loss 2-2 on 21:0=11%. 


From these determinations it appears that the destruction of sugar in the 
way described above takes place without appreciable loss of iodine. The carbon 
does not adsorb iodide to any noticeable extent, which confirms the conclusions 
of Hercus & Purves [1936] and of Harvey [1935]. The destruction of gelatin 
involves greater loss of iodine (11%). Probably the results obtained with sugar 
and gelatin may be extended to carbohydrates and proteins respectively, in 
general, and thus confirm the opinion that it is impossible to destroy biological 
material in open dishes without a loss of iodine [vide e.g. Allott et al. 1932]. 

If a small amount of organic material must be destroyed, it is possible 
to accomplish this destruction at once with an excess of NaNO, without 
appreciable loss of iodine. If, after one ignition, the carbon is not completely 
burnt (especially with insoluble organic substances), the salt mass is dissolved 
in water, the carbon particles are rubbed fine with a glass rod, and the mixture 
again ignited after drying, when the carbon completely disappears. In this way 
the filtration of the carbon is avoided. It is worthy of note, that very little 
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nitrite is observed in the residue to be titrated; this is apparently decomposed. 
The following series of experiments (series B) gives an idea of the utility of this 
method of oxidation: 


Series B (always 2-5 ml. K,CO, solution). 


1) 50 mg. sugar + 100 mg. NaNO, without I. Heated } hr. at 500°. Found 0-2y I. 
2) 50 mg. sugar + 100 mg. NaNO, +25y I. Heated } hr. at 500°. Found 24-3 y I. 

3) 50 mg. gelatin + 100 mg. NaNO, without I. Heated twice for } hr. at 500°. Found 0-7y I. 
4) 50 mg. gelatin +100 mg. NaNO, +25y I. Heated twice for } hr. at 500°. Found 25-0y I. 


Thus the loss of iodine by this method amounts to only 3% with both sugar 
and gelatin so that the addition of nitrate is to be recommended for the deter- 
mination of iodine in materials which contain a relatively small amount of 
organic matter, e.g. drinking water. 


SUMMARY 


Some new methods have been tested for the micro-determination of iodine. 

The extraction of iodide from salt mixtures by shaking with alcohol, appears 
to be a practical method, which can be clearly defined. 

The application of formic acid in the micro-iodide titration led to objections. 

The reduction of iodate in alkaline media with hydrazine has been investi- 


gated further. 
No detectable amount of iodate is formed on heating a mixture of iodide, 


nitrate and carbonate. 
Small amounts of organic matter (of the order of 50 mg.) can be destroyed 


with practically no loss of iodide by heating with excess of nitrate; this 
method is recommended, for example, for the analysis of drinking water. 
A simple and cheap bronze block furnace for igniting dishes to temperatures up 
to 550°, is described. By using this furnace, platinum dishes can be replaced by 


porcelain. 
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Previous work has shown that a macrocytic anaemia can be produced in Rhesus 
monkeys by feeding a deficient diet based on one in common use among sufferers 
from tropical macrocytic anaemia in Bombay. Reasons were given for con- 
sidering this anaemia the animal counterpart of the tropical condition [Wills & 
Stewart, 1935]. After the publication of this work our attention was drawn to 
papers by Miller & Rhoads [1933; 1935] reporting the production of a similar 
anaemia in dogs, which however failed to respond to parenterally administered 
liver extract. Our animals were known to react to treatment with marmite and 
liver extract by mouth but had not been treated by the parenteral route. On 
account of these findings, preliminary experiments (2(b) below) were carried out 
which showed that the nutritional macrocytic anaemia of the monkey does 
respond to parenteral liver treatment and in this respect also corresponds to the 
tropical condition in man. A suitable animal therefore being available the work 
reported below was planned to investigate the nature of the haemopoietic factor 
present in yeast and other substances, a factor curative in the nutritional 
macrocytic anaemias of man and monkeys, and the relation of this factor to the 
haemopoietic principle curative in pernicious anaemia, 


1. Experimental methods 


The methods of feeding the animals and the technique used for the blood 
examinations have been described in a previous paper [Wills & Stewart, 1935]. 
In the present work the diet was slightly modified: its composition is shown in 
Table I. Vitamin B, was at first given weekly as 1 g. acid clay adsorbate from 
rice polishings, but this dose was inadequate and was later increased to 2g. In 
addition the animals received 2 g. daily of iron and ammonium citrate as certain 
of them showed signs of an iron deficiency and this corrected it. The diet was 
considered adequate in vitamins A, D and C and in salts but was poor in protein 
and in the vitamin B, complex. All the animals on this diet ultimately became 


1 A preliminary account of some of the results recorded in this paper has appeared in the 


Lancet, 6 February 1937. 
2 The expenses of this work were met by a grant to one of us (L. W.) from the Lady Tata 





Memorial Trust. 
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Table I. Diet 


Daily ration Parts Preparation 
Polished rice 40 Cooked together with 
Margarine 12 water till rice soft 
White Bread 70 7 
Salt mixture 5g. peranimal > Added after cooking 
Cod liver oil 3 ml. per animal } 

Apple, orange or tomato 20-30 g. given separately — 


anaemic; no animal, however, became anaemic under 3 months and a few took 
over a year before showing symptoms. For economy of space the preliminary 
periods are not shown on the charts. 

For test purposes the oral doses were given by stomach tube with the excep- 
tion of marmite and yeast, which were mixed with the food. The parenteral 
doses were given into the buttock or the shoulder muscles. A preparation was 
only considered active when it induced, in an animal known to be going downhill 
or to be resistant to other preparations, a good reticulocyte response followed 
by an increase in the red cell count and haemoglobin percentage in the blood. 
Sufficient animals have not been studied to determine the maximum reticulocyte 
response for different initial red cell levels, but Table II gives the figures found 


Table II. Average reticulocyte response to treatment 


Maximum reticulocytes % after treatment 


Initial r.b.c. in No. of ——— 

millions per yl. observations Range Average 
0-5 1 —_ 49 
1-0 a ae oe 
1-5 1 —_ 28-1 
2-0 2 18-5-18-6 18-55 
2-5 6 18-2— 9-3 12-4 
3-0 5 10-6- 3-8 7:7 
3-5 7 9-4— 2-2 7-9 
4-0 16 6-2— 2-2 4-2 
4-5 5 5-3— 2-1 45 


in animals showing good response to treatment and therefore the average 
values to be expected. It should be noted that, however given, the curative dose 
per unit of body weight of either liver or yeast preparations is large in com- 
parison with the dose required in the similar condition in man. This need for 
relatively large doses is not limited to the substances under consideration, but 
applies to other drugs. 


2. Preliminary experiments confirming the suitability of the 
experimental animal 


(a) Activity of liver extract given by mouth. Previous work [Wills & Bilimoria, 
1932] had shown that liver extract by the mouth was curative in this macro- 
cytic anaemia of monkeys but, to confirm this in the present series, an animal 
was given 30 ml. of a fluid extract equivalent to 227 g. fresh liver daily for 6 days. 
Chart I of Fig. 1 shows the excellent response. The animal was very ill when 
treatment was commenced and the clinical improvement after 2 days was very 
remarkable and paralleled that seen in man. In view of the earlier work it was 
not considered necessary to repeat this experiment. 

(b) Activity of liver extract given parenterally. It was next sought to ascertain 
whether this monkey anaemia could be cured by liver extract given parenterally. 
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Campolon had been used for human cases in India so it was selected for the present 
experiment. Twelve trials were made of this preparation and in all positive 
results were obtained. One animal had, for a monkey, the amazing count of 
600,000 r.b.c. per ml., yet with campolon and a transfusion of about 16 ml. blood 
it made a splendid recovery. Chart II of Fig. 1 is of especial interest as it shows 
the response of the same monkey to the same treatment in two different relapses. 
The first response was delayed and only occurred after large doses, 60 ml. in 
all, had been given. It illustrates the inhibitory effect of severe sepsis, in this 
case marked pyorrhoea and gingivitis, which evidently has the same unfavourable 
effect on haemopoiesis in monkeys as in man. Later the same animal was again 
treated with campolon: this time there was no sepsis as the mouth had cleared 
under the previous treatment and 20 ml. campolon were enough to induce a 
rapid and sustained rise in the red cell count. The activity of liver products both 
by the oral and the parenteral routes having been established, work was begun 
on the nature of the haemopoietic factor present in yeast and liver, and curative 
in the macrocytic nutritional anaemia of monkeys, referred to in this paper as the 
monkey factor. 
3. Preparation of fractions 

Fractions active either in true pernicious anaemia or in the monkey anaemia 
or in both have been prepared from liver, yeast, marmite and wheat germ ex- 
tracts. In this work, whenever a concentration of alcohol is expressed as a 
percentage, it is intended to convey that the water content of the extract in 
question has been determined and a weight percentage of alcohol added. 
Similarly with (NH,),SO,, the water content was determined and the solution 
saturated by stirring mechanically with a very slight calculated excess of this 
salt. 

(a) Preparation of fractions of the liver extract “‘campolon”’. (i) Fractionation 
with Reinecke’s salt. The method used was the same as that of Dakin & West 
[1935]. 

(ii) Fractionation with (N H,)2SO,. Aknown volume of campolon was saturated 
as above with (NH,),SO, and the solution kept in the cold room overnight. The 
precipitate and slight excess of sulphate were filtered off, dissolved in a small 
volume of water, 3 vol. of alcohol added to precipitate most of the (NH,),SO,, 
and the last traces of sulphate removed as BaSO, with rhodizonic acid as external 
indicator. This solution was concentrated to the volume of the original campolon. 
The filtrate from the original precipitation was similarly treated with alcohol and 
barium to remove all the sulphate and also concentrated to the volume of original 
campolon. As these fractions were required for injection, the alcoholic filtrates, 
after complete removal of sulphate, were filtered through a sterile Seitz filter, 
concentrated with removal of alcohol in sterilized apparatus, and transferred to 
vaccine bottles. 

(6) Preparation of fractions from yeast. (i) Fraction 5. All yeast fractions 
were made from a dilute acetic acid extract of brewer’s yeast, referred to as 
fraction 5, prepared as described by Chick & Roscoe [1930]. This extract was 
autoclaved at pH 5 at 120° for 5 hr. to destroy vitamin B, and the volume so 
adjusted that 1 ml. was equivalent to 0-5 g. dry yeast. Simple alcoholic extracts 
were made from this extract. 

(ii) Yeast reineckate fractions. These fractions were obtained by taking the 
original yeast extract, precipitating by calcium acetate and 75% alcohol and 
applying the methods of Dakin & West [1935]. 

(iii) Alcohol-soluble and insoluble fractions from the (NH4)2SO,-soluble portion 
of an 80°), alcohol-soluble extract of fraction 5. In another series of experiments, 
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alcohol was added up to 80% to yeast fraction 5 derived from 3000 g. of pressed 
yeast and containing 130 g. of total solids. The filtrate, after removal of alcohol, 
contained 60g. of total solid. It was then saturated with (NH,),SO,, kept, 
filtered and the sulphate removed as before; a filtrate containing 30 g. of 
total solid remained which retained practically the whole of the activity. This 
material was finally subdivided into portions soluble in 95 % alcohol (total solids 
21 g.) and insoluble in 95 % alcohol (total solids 9 g.). 

(iv) Yeast fuller’s earth filtrate. An extract containing the filtrate from fuller’s 
earth adsorption of autoclaved fraction 5 was prepared according to the method 
of Edgar et al. [1937]. The original fraction 5 from 3000 g. wet yeast contained 
130 g. of total solids: the filtrate from the fuller’s earth adsorption of this 
amount of fraction 5 contained 76 g. of total solids. The water content of this 
final filtrate was determined and alcohol added up to 80% by weight. After 
filtering, removing the alcohol and concentrating by distilling in vacuo at 45° the 
alcohol-soluble material was made up to 100 ml. and contained 28 g. of total 
solids. 

(c) Preparation of fractions from marmite. Marmite (300 g. containing 25% 
H,O) was dissolved in warm water (522 ml.) and alcohol (3000 ml.) added in a 
thin stream with shaking. Taking the water content of the marmite into account, 
the alcohol concentration amounted to 80% by weight. After standing over- 
night in the cold room, the contents were filtered and the filtrate evaporated 
im vacuo to a small volume (bath temperature 40-45°). The total solids then 
amounted to 140 g. and dissolved with difficulty in sufficient water to make the 
volume up to 150ml. The material was further subdivided into fractions 
soluble in 90% alcohol (weight 75g.) and insoluble in 90° alcohol (weight 
65 g.), and the 90% alcohol-soluble fraction was divided still further into 
fractions soluble in 100% alcohol (26 g.) and insoluble in 100% alcohol (49 g.). 

(d) Preparation of an alcoholic extract of wheat germ. This extract was pre- 
pared by the method of Edgar et al. [1937] and the extracted material from 
600 g. (dry weight 525 g.) dissolved in 200 ml. water. 


4. Relation of the monkey haemopoietic factor to the liver principle and 
Castle’s extrinsic factor 


(a) Activity of purified liver extracts. Anahaemin. Three animals were 
treated with the enormous dose of 100 mg. daily, two for 10 and one for 11 days. 
All three animals failed to show any response at all, though all responded well 
later to campolon, 4 ml. daily for 9, 5 and 7 days respectively (Charts II and II, 
Fig. 1). These results were very surprising in view of the activity of this 
preparation in pernicious anaemia [Ungley et al. 1936] and the fact that till this 
extract was tried all extracts curative in pernicious anaemia, either alone or after 
incubation with normal gastric juice, had been active curatively in this monkey 
anaemia. The question therefore arose as to the potency of the particular sample 
of anahaemin used. Dr C. C. Ungley very kindly made a trial of the remainder of 
our batch. Two cases of pernicious anaemia in relapse with initial counts of 
1,500,000 responded well with reticulocyte crises of 28 and 29%, respectively 
and a rise in each case of 1,000,000 in 10 days. One dose of 400 mg. only was 
given to each patient. There was no question of the activity of the material 
in true pernicious anaemia. 

The three monkeys used above had all been on the diet for a considerable time 
and were therefore suffering from a relative deficiency in the B,-vitamins and 
protein. It was thought possible that this might be a limiting factor so another 
monkey was treated with anahaemin. This animal had only been on the 
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experimental diet for 3 months, and was anaemic for the first time and except 
for its anaemia was in good condition. It too received 1 g. anahaemin in 
all. Actually there was a slight rise in the red cell count but no reticulocyte 
crisis. 

Laland’s extract. A trial was also made of Dr Laland’s' [Laland & Klem, 1936] 
highly purified liver extract. This extract is potent in pernicious anaemia but 
like anahaemin was completely inactive in the monkey anaemia. Two animals 
were treated and received the enormous dose of the equivalent of 200 g. liver 
daily for 10 days (Chart IV, Fig. 1); both went downhill but responded to 
campolon parenterally later. It is therefore obvious that preparations that will 
induce responses in cases of pernicious anaemia in man may be entirely inactive 
in the macrocytic anaemia of monkeys: this question is dealt with more fully 
in the discussion. 

(6) Activity of fractions prepared from campolon and yeast extracts by the use of 
Reinecke’s salt (3 (a,i) and (6, ii)). In an attempt to elucidate the problem 
further Dakin & West’s [1935] method for the preparation of anahaemin was 
used, but in our hands Reinecke’s reagent inactivated the liver preparations and 
the same inactivation occurred when the method was applied to yeast extracts, 
with one exception, out of seven trials, when the Reinecké-soluble fraction of an 
alcoholic extract of fraction 5 induced an excellent remission in an anaemic 
animal. Similar variable results have been obtained by other workers using this 
method and as no definite conclusions can be deduced from them the method was 
abandoned. Fractionation with phosphotungstic acid also led to complete 
inactivation of our material. 

(c) Activity of fractions prepared from campolon and yeast extracts by the use 
of saturated (NH,4).SO, (3 (a, ii) and (6, iii)). This method also separates any 
anahaemin-like substances, which are precipitated and therefore present in the 
insoluble fraction, and in this way two fractions were obtained from both cam- 
polon and yeast fraction 5. The fractions from campolon were tested on both man 
and monkeys, the yeast fractions on monkeys only. All extracts from campolon 
were given parenterally ; the insoluble fraction which would contain the bulk of any 
anahaemin present induced an immediate remission in two untreated, controlled 
cases of pernicious anaemia (Charts V and VI, Fig. 1). In one case (Chart V) a 
single dose, derived from 4 ml. of original campolon, i.e. from about 20 g. liver, 
induced a good reticulocyte response associated with an immediate rise of red 
blood cells at the rate of 100,000 a day for 10 days. The extract was obviously 
highly potent in the treatment of pernicious anaemia. This same insoluble 
fraction was completely inactive in monkeys, who, however, responded to the 
administration of the fraction soluble in (NH,),SO, (Chart VII, Fig. 1). The first 
animal received a daily dose of the soluble fraction derived from 4 ml. of cam- 
polon: this induced a good reticulocyte response but the rise in the red cell level 
was slow till the dose was doubled. A second anaemic animal was therefore given 
10 daily doses, each derived from 8 ml. campolon: here the rise in the red cell 
count was much more rapid (Chart VIII, Fig. 1). The (NH,),SO,-soluble fraction 
from campolon was then tested in four untreated, uncomplicated controlled 
cases of pernicious anaemia and was found to be extremely potent (Charts [X and 
I). These results were somewhat surprising, as the insoluble fraction from the 
(NH,),SO, fractionation had already been shown to be extremely active 
curatively: there was however, as judged by the few cases treated, very little 
difference in activity between the two preparations (compare Charts V and IX and 
Vi and X, Fig. 1). Yeast fraction 5similarly treated yielded two fractions, soluble 


1 Kindly supplied by Dr Laland through the courtesy of Messrs Glaxo Laboratories, Ltd. 
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and insoluble, which were tested on anaemic monkeys—the doses being given by 
the oral route. The insoluble fraction which should contain any anahaemin-like 
bodies present in yeast was completely inactive in two anaemic monkeys, who, 
however, responded to treatment with the soluble fraction (Chart VIII). On the 
assumption, which as the result of its clinical trials [Ungley e¢ al. 1936] appears 
justified, that anahaemin contains Castle’s liver principle, it is clear that the 
factor active in the monkey anaemia cannot be this liver principle alone, and if 
the liver principle, the final product in the body of the interaction of the extrinsic 
and intrinsic factors, is inactive, the deficiency in the animals must, it seems, be 
other than a lack of the extrinsic factor. To test this further a trial was made of 
a yeast extract by the parenteral route. If the yeast factor and the extrinsic 
factor are identical, a yeast extract thus given would probably be inactive. The 
extract was made by concentration from the (NH,),SO,-soluble fraction of an 
80 % alcohol extract of yeast fraction 5. This extract was given to three animals 
in daily doses equivalent to 50g. in one case and 60g. in the other two for 
10-day periods. The first case was negative but gave a striking positive result 
(Chart XI, Fig. 1) after 0-1 g. anahaemin daily for a further 10 days. The other 
two cases responded to treatment but both the reticulocyte response and the rise 
in the red cell count were somewhat delayed (Chart XII, Fig. 1). These results 
suggest that generally in the anaemic monkey there is a deficiency only in the 
(NH,),SO,-soluble fraction of yeast or liver, but that in exceptional animals 
there may be a deficiency in the anahaemin principle as well: the significance of 
these results will be discussed later. 


5. Relation of the monkey haemopoietic factor to the vitamin Bz complex 


Vitamin B, was not considered in the present work as it had been excluded 
both in tropical macrocytic anaemia and in the experimental condition. Actually 


several animals were given this vitamin in the form of acid clay, 1 g. daily for 
10 days, in an attempt to improve their general condition but without any effect 
on their blood count and little, if any, on their general condition. 

As a source of the vitamin B, complex marmite was used at first as it was 
known to be active in similar nutritional anaemias in man as well as in the monkey 
condition. Later a non-autolysed yeast extract was substituted and liver extracts, 
wheat germ extract and flavin were also tested. 

(a) Activity of marmite and its simple alcoholic extracts (3 (c)). 5 g. of marmite 
daily prevented the development of this anaemia and kept the experimental 
animals in good health for periods up to 18 months, in which time all the other 
experimental animals had become anaemic or died of intercurrent disease. 
Curatively 5 g. daily for 10 days induced a satisfactory remission, but when the 
dose was reduced to 3 g. there was only a submaximum response. The effect of 
5 daily doses of 20 g. each is shown on Chart XIII of Fig. 1. The rise of 1,100,000 
in the erythrocyte count in 7 days is, by comparison with figures from human 
cases, taken as approximately maximum. To allow for loss in extraction and to 
ensure a maximum response, the fractions tested were given in daily doses 
equivalent to 20 g. or more of the original marmite or yeast for periods of 10 days. 

Five monkeys were treated with an 80% alcohol-soluble fraction of marmite 
and all responded well: Chart XIV (Fig. 1) shows its dramatic effect in a severe 
case. This extract appeared to contain the bulk of the active substance in 
marmite since a dose equivalent to 10 g. of the parent substance induced a good 
response after 10 days’ treatment. A little, however, is probably carried down 
with the insoluble fraction, as one monkey treated with this fraction for 10 days 
in doses equivalent to 20 g. of the parent substance showed a slight reticulocyte 
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response, unaccompanied by any increase in the erythrocyte count. A similar 
80% alcohol-soluble extract of unsalted marmite was also highly active. 

A trial of both soluble and insoluble fractions from 90 and 100% alcohol 
extracts, alone and combined, indicated that the haemopoietic factor is partially 
or wholly destroyed by such fractionation, as certain anaemic animals failed to 
respond at all and others gave only a doubtful, submaximum response (Charts 
XIII and XIV, Fig. 1). 

These results with marmite and its simple alcoholic extracts are compatible 
with the view that the haemopoietic factor is closely related to some part of the 
vitamin B, complex, for though certain authors [Guha, 1931] report that vitamin 
B, is not inactivated by 90% alcohol, others [Chick & Roscoe, 1930] find that 
even 70%, alcohol will inactivate certain solutions of vitamin B,. It is possible 
that inactivation depends on the source and method of preparation of the 
extracts. 

(b) Activity of dried brewers’ yeast powder (Harris). This yeast powder has 
been biologically tested and is known to be a rich source of the vitamin B, 
complex. A monkey treated with 10 daily doses of 20 g. responded with a sub- 
maximum reticulocyte response and a small temporary increase in the red cell 
count. A possible explanation of the relative inactivity of yeast is the fact that 
it is not digested in the stomach: in this connexion a trial was made both in a 
monkey and in a case of pernicious anaemia of zymin. A case of pernicious 
anaemia failed to respond to 10 days’ treatment with daily doses of 15 g. zymin 
incubated with 200 ml. gastric juice and a monkey treated with daily doses of 
4 g. zymin showed only a slight rise in the red cell count that was not sustained. 
In view of these negative and doubtful results no further trials of dried yeast were 
made. 

(c) Activity of 0-1°/, acetic acid extract of fresh brewer's yeast (fraction 5) and 
its simple alcoholic extracts (3 (b, i)). An excellent remission was induced, in an 
anaemic monkey, by 10 daily doses of fraction 5, each dose derived from 15 g. 
dried yeast (Chart XV). An extract made from the combined soluble and in- 
soluble fractions from a 90% alcohol extract of fraction 5 also induced a good 
remission in the same monkey, though the daily dose in this case was derived 
from 20 g. of the original dry yeast: there may, however, have been some slight 
loss of potency as the reticulocyte crisis did not occur till the 9th day (Chart XV, 
Fig. 1). These findings were somewhat surprising, first, because yeast extracts 
similarly prepared gave uniformly negative results [Wills, 1934] in the treatment 
of cases of tropical macrocytic anaemia and also because 90 % alcohol inactivates 
marmite. It is possible that the extracts used in India were inactivated by storing, 
heat and, as no precautions were taken against it, by exposure to light. Similar 
differences in the effect of alcohol on vitamin B, extracts from different sources 
have already been discussed. However, as yeast extracts were found to be active 
under the present experimental conditions, it was decided to use them rather 
than extracts of marmite, as the former are less complex and can be more easily 
standardized. 

(d) Activity of (NH4)2SO,-soluble fractions of various alcoholic extracts of 
fraction 5 (3 (6, iii)). These extracts were active but there was some loss of 
potency. Fractionation of the (NH,),SO,-soluble portion of an 80% alcohol- 
soluble extract of fraction 5 with 90 and 95% alcohol did not lead to further 
separation of the active principle, since though all the soluble extracts were 
active, the insoluble gave variable results, sometimes being active and at other 
times inactive. There was also, as judged by the size of the doses necessary for 
maximum responses, some loss of potency, so the method was abandoned. 
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(e) Activity of fraction prepared by treatment of fraction 5 with fuller’s earth 
(3 (6, iv)). The first sample of this fraction which contains the yeast fuller’s 
earth filtrate factor of the vitamin B, complex was very kindly prepared for us 
by Miss Edgar at the Lister Institute and was tested biologically for this factor 
and shown to be active. The extract was free from vitamin B, and flavin, as the 
original fraction 5 was autoclaved before treatment with fuller’s earth, which 
process destroys vitamin B,, and the flavin was removed on the fuller’s earth. 
This extract and an 80% alcoholic extract of it were both very active haemo- 
poietically when tested on four anaemic monkeys (Chart XVII, Fig. 1). These 
experiments demonstrate the activity in the cure of the monkey anaemia of 
extracts free from vitamin B, and the flavin fraction of the vitamin B, complex 
but containing the yeast fuller’s earth filtrate fraction of Edgar & Macrae [1937]. 

(f) Activity of hepatoflavin. The preceding experiments, by demonstrating 
the activity of fractions from which the flavin had been removed by adsorption 
on fuller’s earth, had excluded this substance as the haemopoietic factor, but to 
confirm this three anaemic animals were treated with pure hepatoflavin. 
Hepatoflavin was used, as it has the same properties as lactoflavin and a supply 
was available through the generosity of Dr Chick. The daily dose was 0-5 mg.: 
this dose was used as it was forty times the rat dose and therefore equivalent in 
terms of this factor to the curative dose of marmite used in the original Indian 
work [Wills, 1931]. In no animal was there a response (Chart XV): in all three 
the dose appeared to be slightly toxic, as the animals were more ill than would 
have been expected from their blood counts and in one (Chart XVII, Fig. 1) there 
was a slight increase in the reticulocyte level, with no associated rise in the red 
cell count. Hepatoflavin can therefore be excluded as the haemopoietic factor. 

(9) Response to wheat germ extracts (3 (d)). Wheat germ extracts have been 
used as sources of Castle’s extrinsic factor [Groen, 1935]. Tested on the anaemic 
monkeys they were found to contain the haemopoietic factor, but very large 
doses were necessary to obtain good responses. Four animals were treated in 
doses derived from 15 to 120 g. of dry wheat germ: with the smaller doses sub- 
maximum responses only were obtained, whereas with a dose derived from 
120 g. there was excellent response (Chart X VIII, Fig. 1). Wheat germ was not 
used further, on account of the size of the dose and the time needed to extract the 
material, but its activity was tested as it was a known source of Castle’s extrinsic 
factor and of the vitamin B, fraction necessary to supplement lactoflavin to 
ensure optimum growth in the rat. 


Discussion 


The nutritional macrocytic anaemia of monkeys, by virtue of its method of 
production and its response to orally and parenterally administered marmite, 
yeast and liver, is considered the animal counterpart of tropical macrocytic 
anaemia. It has been suggested that the tropical condition is a deficiency disease 
[ Wills, 1934] due to a lack in the diet of Castle’s extrinsic factor; in other words, 
the final deficiency in the body is the same as that in pernicious anaemia [Castle 
et al. 1935]. There are, however, certain difficulties in accepting this suggestion 
if all the pathological and clinical findings of pernicious anaemia are due only to 
the absence of the liver principle. For example, an increased bilirubin content of 
the blood is a constant finding in untreated pernicious anaemia, whereas in 
uncomplicated tropical cases and in the experimental animals the bilirubin 
content is normal or subnormal. Similarly there is no increase of urobilin output 
in the tropical condition, though this is a constant finding in true pernicious 
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anaemia. It is also a remarkable fact that no description of nervous lesions in the 
tropical condition has yet appeared, although the majority of pernicious anaemic 
patients show some signs of subacute combined degeneration. 

This difference between idiopathic pernicious anaemia and the experimental 
condition is further emphasized by the findings reported in this paper. The 
experimental evidence indicates that at least two factors are concerned in the 
cure of these two conditions. Crude extracts of liver, yeast, marmite and wheat 
germ are curative in both conditions, some only after mixture with normal gastric 
juice, but the more highly purified extracts of the liver principle are inactive in 
the monkey anaemia although still retaining good activity in true pernicious 
anaemia. An extensive trial was made of the purified liver extracts anahaemin 
(Dakin & West) and examen (Laland & Klem), but these alone were inactive in 
the monkey anaemia, though the actual samples tested were known to be fully 
potent in cases of true pernicious anaemia. The liver extract campolon, and 
yeast extracts were fractionated by full saturation with ammonium sulphate 
into insoluble and soluble fractions. The insoluble fractions should contain, 
according to Dakin & West [1935], practically the whole of the anahaemin or 
anahaemin-like substances present in the liver and yeast extracts respectively. 
The insoluble extract from campolon was extremely potent haemopoietically in 
untreated cases of pernicious anaemia, but in the monkey condition it was com- 
pletely inactive even in large doses. These results were similar to those obtained 
with the commercial preparation anahaemin. A therapeutic trial of the soluble 
fraction from campolon in cases of pernicious anaemia and in the monkey anaemia 
showed, surprisingly, that this extract was highly active in both the human and 
animal conditions, a single dose of 4 ml. producing in one human case a response 
almost identical with that made by the patient treated with a similar amount of 
the insoluble fraction. 

Two possible explanations immediately present themselves. First, it is 
suggested that the material active in man is not completely precipitated, as 
claimed by Dakin & West [1935], by saturation with ammonium sulphate and 
that therefore some passes into the soluble fraction along with an entirely distinct 
factor active in the monkey anaemia. As a matter of fact it is generally agreed by 
other workers in this field that anahaemin is not completely precipitated but that 
the amount in the soluble fraction is only a small percentage of that originally 
present. It would therefore be necessary to assume that very small amounts of 
anahaemin are necessary to induce a maximum response, at least in the presence 
of the second factor. Secondly, it is possible that the liver principle, inactive in 
the monkey anaemia but active in pernicious anaemia, and precipitated in its 
anahaemin form by ammonium sulphate, is also present in the soluble fraction 
but is present in some other form, probably more complex, which is not pre- 
cipitable by this reagent. The principle active in the monkey anaemia may be 
either this more complex substance or again an entirely distinct factor. 

Subbarow ef al. [1935; 1936] have produced evidence that at least three 
distinct factors, one of which is tyrosine, are necessary for maximum haemo- 
poietic activity in the cure of pernicious anaemia. Tyrosine in enormous doses 
was inactive in the monkey anaemia but the relation of the other two 
factors to those described in the work mentioned above has not yet been investi- 
gated. 

It is not suggested that monkeys do not require the liver principle contained 
in anahaemin, but only that the anaemia under discussion is not produced by a 
simple lack of this factor, and cannot therefore be due solely to absence of 
Castle’s extrinsic factor from the diet as originally suggested. This monkey 
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anaemia appears to be due, in part at least, to the lack of some other factor at 
present unidentified. It seems possible, however, that the two factors are con- 
cerned both in the monkey anaemia and in pernicious anaemia, and there is 
some evidence that this view is correct. For example, the more sustained response 
in the monkey to the crude extracts in comparison with the response to the more 
highly purified fractions, even when these are given in doses derived from far 
larger amounts of the parent substance (yeast or liver) than those used in the 
preparation of the cruder extracts, points in this direction. The fact that one 
monkey responded well to very large doses of anahaemin when given immedi- 
ately after the parenteral injection of the monkey fraction from yeast, which in 
other animals had been shown to be active without anahaemin, also suggests 
that this principle is necessary for normal haemopoiesis in the monkey. The 
crude extracts probably contain both factors; campolon certainly does. If, then, 
there is in the monkey suffering from macrocytic nutritional anaemia a deficiency 
of both factors, the administration of this latter may activate the small supply 
of the liver principle still available in the body. The liver principle thus activated 
will cause an initial rise in the red cell count, which however will not be sustained 
when the available store of the liver principle is exhausted. Accepting this 
explanation of the action of the new factor as correct, then there may be 
exceptional cases of pernicious anaemia, in which there is a deficiency, not only 
of the liver principle contained in anahaemin but also of the new haemopoietic 
factor. Such cases would either not respond to anahaemin or make a poor 
temporary response, but would respond to the cruder preparations such as 
campolon. Such a case has recently been treated by one of us. Further, the 
extremely good response made by cases of pernicious anaemia to the ammonium 
sulphate-soluble fraction of campolon would also support this view. Such a 
preparation must contain only minimum amounts of the anahaemin principle, 
but is a rich source of the monkey factor. 

The nature of the new factor active in the monkey condition is at present 
unknown. Its distribution in natural products, yeast, marmite, wheat germ, liver, 
and the fact that it is water-soluble, suggest a relationship to the vitamin B com- 
plex. Vitamins B, and B, and the flavin component of the vitamin B, complex 
have been excluded as sources of this factor. 

More recent work on the vitamin B, complex [Edgar & Macrae, 1937] has 
shown that autoclaved acidulated yeast extract can be fractionated into two 
fractions other than lactoflavin, termed the yeast fuller’s earth filtrate factor and 
the yeast fuller’s earth eluate factor, both of which are required to supplement 
lactoflavin. Rats receiving as the source of the vitamin B complex these two 
fractions supplemented by lactoflavin and crystalline vitamin B, hydrochloride 
increased in weight as rapidly as rats on a diet containing untreated yeast extract 
or a good mixed diet. The yeast fuller’s earth filtrate factor is probably not 
identical with Gyérgy’s vitamin B, [1935, 1, 2]. That this filtrate factor may 
possibly be identified with the monkey haemopoietic factor is suggested by 
the fact that both are present in the more soluble fractions of yeast, marmite, 
liver and wheat germ extracts, both are extracted from yeast with dilute acetic 
acid, both resist autoclaving at pH 5 for 5 hr. at 120°, neither is precipitated by 
80% alcohol or by saturated ammonium sulphate, and both resist adsorption 
by fuller’s earth. Still further fractionation is in hand, and though haemopoietic 
activity in the monkey has in the earlier stages followed the presence of the 
yeast fuller’s earth filtrate factor of the vitamin B, complex, evidence is now 
accumulating which suggests that the haemopoietic factor is probably not 
identical with the filtrate factor. 
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It will be noted that the active factor of marmite is inactivated by 90% but 
not by 80% alcohol, whereas that of acetic acid extracts of brewer’s yeast and 
of wheat germ can be extracted with 90% alcohol. The explanation of this 
difference may lie in the fact that protracted autolysis during the preparation of 
marmite has resulted either in the partial degradation of the active substance or 
in the loss of some stabilizing agent rather than in the presence of two entirely 
distinct factors. 
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Institute for their continued interest and advice and for gifts of material and 
the physicians at the Royal Free Hospital for permission to treat their patients. 
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PHENYLALANINE FROM THE SEEDS OF ~~" 


MUCUNA PRURIENS 


By MANAYATH DAMODARAN anp RAGHAVIAH RAMASWAMY 
From the University Biochemical Laboratory, Chepauk, Madras 
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THE physiological interest of dihydroxyphenylalanine arises from the possible 
genetic relationship on the one hand of adrenaline and on the other of the animal 
pigments known as melanins to this amino-acid, impressive evidence for which 
is to be found in the researches of Raper and his school. The substance 
was first isolated from the pods of Vicia faba (Guggenheim, 1913] and later 
from the seeds of the Georgia velvet bean, Stizolobiwm deeringianum, by Miller 
[1920]. 

In the search for an indigenous source of this substance a large variety of 
plant materials was examined, the reduction of silver nitrate and of potassium 
permanganate in the cold and the characteristic green colour with ferric chloride 
being used as qualitative tests. Positive tests were frequently obtained, but on 
fractionation of most of the materials concerned it was found that the reactions 
were due to mixtures of substances, usually non-nitrogenous. It was, however, 
found possible to isolate the amino-acid from the seeds of Mucuna pruriens. 

The plant, which belongs to the same genus as the Georgia velvet bean 
investigated by Miller [1920], is a perennial semi-woody climber found all over 
India and best known for the intensely irritant bristles with which the pods are 
covered. The seeds, root and legume are used in Indian medicine for a variety 
of purposes [Kirtikar & Basu, 1918]. 

The seeds have been found to be an excellent source of the amino-acid in 
question. The yield of dihydroxyphenylalanine from Vicia faba obtained by 
Guggenheim was 25 g. per 10 kg. of the pods; no mention is made by Miller of 
the yield of his product from the Georgia velvet bean. From the seeds of Mucuna 
pruriens it has been possible to obtain about 30 g. of the pure amino-acid from 
2kg. of the raw material used, a yield of 1-5% compared with the 0-25% 
obtained by Guggenheim. 

The material obtained was used for the study of the properties of dihydroxy- 
phenylalanine from two aspects: (a) the possibility of its occurrence as a 
constituent of the protein molecule, (5) its action on reagents used for the 
estimation of two other biologically important substances with analogous 
reducing properties, viz. ascorbic acid and cysteine. 

From the first point of view the behaviour of the substance on treatment 
with strong acid was examined. It was found that boiling for 18 hr. with 18% 
HCl had no deleterious effect, indicating that the amino-acid, if present in 
proteins, was not likely to be decomposed during the usual acid hydrolysis. 

No derivatives of the amino-acid useful for identification have hitherto been 
available. The ester hydrochloride and the tribenzoyl derivative were prepared 
by Guggenheim [1913], but the former was obtained by him as a viscous brown 
syrup and the tribenzoy] derivative, usually emploved for identification, had no 


Biochem. 1937 xxx1 ( 2149 ) 136 


JAN 


J’ 





T1320 
ISG 











2150 M. DAMODARAN AND R. RAMASWAMY 


sharp M.P. We have prepared two new derivatives, viz. the hydantoin and the 
picrolonate, which are easily obtained in crystalline condition, the former being 
especially suitable for characterization of the amino-acid. 

Of the reagents used for the determination of ascorbic acid and of thiol 
compounds, it was found that the substance has no reducing action on 2:6- 
dibromo- or dichloro-phenolindophenol, but readily produces colour with Folin’s 
uric acid reagent in the alkaline range; colour formation occurs in acid medium 
also if sulphite is present. It is obvious, therefore, that dihydroxyphenylalanine 
would not interfere with the determination of ascorbic acid either by the 
Tillmans-Harris method [Harris et al. 1933] or by the method described by 
Medes [1935] or Shinohara [1935-36] using Folin’s reagent at pH 5. It would 
also not interfere in the determination of cysteine by the latter method. On the 
other hand, dihydroxyphenylalanine would be estimated along with cystine in 
all procedures based upon the use of Folin’s reagent because either an alkaline 
reaction or reduction with sulphite is always involved. 


EXPERIMENTAL 
Isolation of “dopa” 


Guggenheim’s method was followed in detail; minor modifications tried 
were found to be of no advantage. About 2 kg. of the seeds were ground in a 
flour-mill; the powder, passed through a fine sieve so as to remove most of the 
shiny black testa, was then reduced to a paste by grinding in an end-runner mill 
for about an hour with water containing 0-5 %, acetic acid and some SO,. The 
pasty mass was taken up in 0-5% acetic acid (3 1. for every kg.), shaken for 
2-3 hr. and centrifuged. The residue was again extracted with the same amount 
of acidulated water. To the combined extracts a thick cream of lead acetate was 
added till precipitation was complete and an excess of lead acetate was present. 
The lead precipitate was removed by centrifuging and discarded; the clear 
filtrate was treated with conc. ammonia until slightly alkaline to litmus, when 
a yellowish white precipitate was thrown down. The lead salt was separated by 
centrifuging, washed well, suspended in water and decomposed by H,S under 
pressure. The mixture was heated on a water-bath for }—1 hr., filtered and the 
clear filtrate evaporated under reduced pressure in an atmosphere of CO, when 
a yellowish white powder separated. The yield of the crude product which was 
already crystalline was usually about 35 g. from 2 kg. of seeds. The material 
was recrystallized by dissolving in boiling water containing a little SO, (charcoal). 
The yield of the recrystallized product amounted to 30 g., i.e. 15%. The M.P. 
of the twice recrystallized sample after drying was 281°, not depressed by 
admixture with an authentic synthetic specimen. (Found (by micro-analysis) : 
C, 55-54, 55-20; H, 5-22, 5-4; N (Dumas), 7-06, (Kjeldahl), 7-054. Amino-N by 
micro-Van Slyke, 7-1%. C,H,,ON, requires: C, 54-8; H, 5-6; N, 7-12%.) 

In 10% solution in N HCl the material had [«];4,, 13-9 and [«]p—12-25°. 
Harington & Randall [1931] with a 5-04 % solution in N HCl found [«]54g, — 12-9° 
and [«]»—12-0°. For the natural acid isolated from Vicia faba Guggenheim 
gives [a]545,—13-6° and [«])—12-0°. Waser & Levandowski [1921] have re- 
corded values of [%]54¢; — 14:28° and [«])—12-74° for the naturally occurring 
substance. 

Effect of strong acid 


0-1 g. portions of the substance were boiled under reflux for different intervals 
of time with varying strengths of HCl. The HCl was evaporated under reduced 
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pressure in a current of CO,. The syrupy residue was dissolved in water, made up 
to volume (50 ml.) and amino-N determined on aliquots. 


Weight of Strength Duration of 


substance of HCl hydrolysis Amino-N 
g. N hr. % 
0-1 2 3 6-93 
0-1 5 5 7-06 
0-1 5 18 7-29 


From the above table it is clear that there is no appreciable decomposition 
during acid hydrolysis. 
Preparation of the hydantoin 


Dakin’s [1910] method was used. About 1 g. of the amino-acid was sus- 
pended in 10 parts of boiling water through which a gentle stream of CO, was 
passed. Solid potassium cyanate was added in small quantities until all the 
amino-acid went into solution. To the colourless solution dil. H,SO, (2-3 ml. of 
1:4) was added until the solution was distinctly acid. The rose-coloured solution 
was refluxed for 30-45 min. and cooled in ice. The hydantoin separated out as 
an irregularly crystalline powder. It was recrystallized from boiling water 
(charcoal). It was sparingly soluble in alcohol and water and melted sharply 
at 212°. The yield of the recrystallized product amounted to 60-70% of theory. 
(Found: C, 54-67; H, 4:76; N (Kjeldahl), 12-53%. Amino-N by micro-Van 
Slyke, nil. C,9)H,)0,N, requires: C, 54-05; H, 4-50; N, 12-61%.) 


Preparation of the picrolonate 


The method was essentially that of Levene & Van Slyke [1912]. The amino- 
acid and picrolonic acid in molecular proportions (i.e. 1 g. of “dopa” to 1-34 g. 
of picrolonic acid) were dissolved in the minimum amount of boiling water 
(30 ml.) and the hot solution set aside. While it was still warm the picrolonate 
separated in rosette-shaped crystal aggregates. The crystals were filtered, washed 
with ice-cold water and excess of picrolonic acid removed by shaking the pul- 
verized salt with ether. The dry picrolonate melts with decomposition at 241°. 

To determine the molecular proportions in which the amino-acid and the 
picrolonic acid are present in the salt 0-200 g. of the material was dissolved in 
boiling water and 1 ml. of 10% HCl added. The crystals of picrolonic acid which 
separated on cooling were filtered off, the filtrate evaporated on the water-bath, 
made up to 10 ml. and analysed for amino-N. Amino-N found, 3-25%. Cale. 
for CyH,,0,N .C,»)H,O;N,: amino-N 3-01%. 


Reactions of dihydroxyphenylalanine with reagents used for the determination 
of ascorbic acid and of thiol groups 


Dihydroxyphenylalanine had no action on 2:6-dichloro- or dibromo-phenol- 
indophenol as used for the quantitative estimation of ascorbic acid [Harris e¢ al. 
1933]. 

The effect on colour production with the following modifications of Folin’s 
[1934] uric acid reagent was examined by adding 2 ml. of 0-005 solution of 
the amino-acid in 0-2N HCl in each experiment, the reaction mixture being 
finally brought to the pH specified by the different authors. The effect of the 
inhibiting agents, mercuric chloride and formaldehyde, used by Lugg [1932] 
and Shinohara [1935-36] for detecting extraneous reducers in presence of cysteine 
was also tried under the conditions described by them. 
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Folin & Marenzi [1929]. Determination of cystine in reaction medium made 
alkaline with sodium carbonate: intense blue colour both in the presence and 
absence of sodium sulphite; pH of the reaction mixture approximately 9-5. 

Tompsett [1931]. Modified Folin-Marenzi method without the addition of 
Li,SO, and with saturated NaHCO, in place of Na,CO,: positive reaction irre- 
spective of the presence of sodium sulphite, pH 8-5. 

LInugg [1932]. Determination of cystine and cysteine at pH 5-7 using citrate 
buffer and sodium metabisulphite instead of sulphite for reduction of cystine: 
positive reaction, colour intensity in presence of metabisulphite being five times 
that of the mixture in its absence; colour production unaffected by mercuric 
chloride ; a white precipitate obtained in the presence of formaldehyde. 

Shinohara [1935-36] and Medes [1935]. Folin’s reagent used at pH 5 for 
determining ascorbic acid and thiol compounds: a very faint blue colour in 
absence of sulphite; in the presence of buffered sodium bisulphite a good blue 
colour which was inhibited by formaldehyde but not by mercuric chloride. 


SUMMARY 


1-3:4-Dihydroxyphenylalanine has been isolated from the seeds of Mucuna 
pruriens in yields amounting to 1-5% of the raw material. 

Two new crystalline derivatives suitable for the identification of the amino- 
acid have been prepared, viz. the hydantoin and the picrolonate. 

The behaviour of the substance towards reagents commonly used in the 
determination of other biologically important substances with analogous re- 
ducing properties has been investigated. It is shown that dihydroxypheny]l- 
alanine does not interfere in the estimation of ascorbic acid but is likely to do 
so in the estimation of thiol compounds by reactions involving the use of phospho- 
18-tungstic acid. 

It is shown that the substance is stable under the usual conditions of acidic 
hydrolysis of proteins. 


We are indebted to Prof. C. R. Harington for the synthetic /-3:4-dihydroxy- 
phenylalanine used for comparison. 
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THE sodium contents of human erythrocytes recorded by various authors differ 
widely. Oberst [1935] gives an average of 12 m. eq. per 1. of cells; Maizels 
[1936] also gives 12 m. eq., whilst according to Hald & Eisenman [1937] the 
average sodium content is 16 m. eq. McCance, on the other hand, in a recent 
paper [1937] gives considerably higher figures, ranging between 17 and 35 m. eq. 
Since calcium is absent from human erythrocytes and magnesium is present only 
in small amounts, cell sodium may be determined indirectly from the difference 
between total cell base and potassium. This indirect method of sodium estimation 
has been used by the present writers in order to determine which of the above 
ranges of sodium contents is most probably correct. 


Method 


Heparinized blood is centrifuged for 20 min. at 4000 r.p.m. in small tubes of 
about 1-5 mm. bore, sealed at one end. These tubes hold 0-1 ml. and are ac- 
curately graduated in 0-005 ml. divisions. The supernatant plasma and upper 
layers of packed cells are removed with a capillary pipette and the tubes again 
spun for 5 min. The volume of cells is then read, any residual plasma washed 
away and the cells analysed. Total base is estimated by the method of Adair & 
Keys [1934]; the error for 0-05 ml. is not greater than +2%. Potassium is 
measured by the method of Kramer & Tisdall [1921] slightly modified [Maizels, 
1935], the error for 0-1 ml. cells being less than +2%. It will be realized that 
the difference values so obtained are not an accurate measure of cell sodium, 
but they may be employed to define the actual range of sodium content. The 
figures in Table I are derived from patients with normal blood counts. 


Table I 
Age Total base Potassium Difference 
years Disease m. eq. perl. cells m. eq. perl. cells m. eq. per 1. cells 

58 Arteriosclerosis 114-0 +1-25 102-5 +1-0 11-5 +2-25 

26 Arthritis 108-5 40-5 98-0 40-0 10-5 40-5 

29 re 116-0 +0-0 102-5+1-5 13-5+1-5 

58 Aneurysm 116-5+1-0 97:-5+2-0 19-0 +3-0 

24 Normal 116:0+1-0 103-5 +1-5 12-5 +2-5 

43 99 119-0 +1-5 105-0 40-5 14-0 +2-0 

23 He 104-0 +0-0 94-0 +0-0 10-0 +0-0 


It will be seen that these figures for sodium confirm those of Oberst, Maizels 
and Hald & Eisenman. They are a good deal lower than McCance’s. The first two 
writers have made their observations on packed centrifuged cells; the second 
pair have estimated cell sodium indirectly from the plasma and whole blood 
sodium contents and the red blood cell volume determined by haematocrit. In 
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both these methods the figure ultimately obtained is the sodium content of 
packed cells plus the sodium content of the intercellular plasma. Maizels has 
shown [1936] that the latter amounts to 3% by volume and we have confirmed 
this by suspending erythrocytes in saline containing purified haemoglobin (9%), 
centrifuging for 20 min. and washing away all the supernatant haemoglobin 
solution. The packed cells are then suspended in 2 ml. 0-9°% NaCl and again 
centrifuged. The intercellular haemoglobin saline solution is washed out by the 
second suspension and after recentrifuging remains in the supernatant NaCl 
solution where it may be estimated colorimetrically. This method gives 3-05 % 
intercellular haemoglobin saline solution. It therefore follows that the estimation 
of cell sodium by any method involves an error due to the presence of sodium 
in intercellular plasma amounting to about 4 m. eq., since plasma contains about 
140 m. eq. sodium per |., and that true cell sodium is about 8 m. eq. per 1.; this is 
the same as Oberst’s figure obtained on cells washed with plasma from which 
all sodium had been removed by dialysis and replaced by potassium. 

The indirect method of cell sodium estimation employed by Hald & Eisenman 
and by McCance has a special disadvantage in that it requires a very high degree 
of accuracy. If V is the percentage volume of cells relative to whole blood, then 


Blood Na— plasma Na x (100— V)/100=cell Na x V/100. 


The right-hand expression is relatively very small and is the difference of the 
two large values on the left-hand side of the equation, so that errors of +2% 
in blood Na, plasma Na and V summate to +50% in cell Na. Nevertheless 
although the method may be expected to give wide variations, the average 
figure of a large series should conform with those of other writers and this is the 
case with the data of Hald & Eisenman, but not with the consistently high 
values recorded by McCance. The reason for this may be as follows: Hald & 
Eisenman have estimated blood and serum sodium and cell volume on de- 
fibrinated blood and their data agree, but McCance has estimated whole blood 
Na on oxalated blood, serum Na in the fluid separated from clotted blood and 
cell volume on heparinized blood, so that his data are obtained under different 
physical conditions. If, during the process of clotting, cells were slightly com- 
pressed and lost fluid, serum Na would be too low and cell Na would appear too 
high. A shrinkage in cell volume of only 5% as compared with the cell volume 
in heparinized blood would explain McCance’s high values. 


SUMMARY 


Direct measurement of cell sodium gives an average value of 12 m. eq. per L.; 
indirect determination from the difference between total cell base and potassium 
gives an average value of 13 m. eq.; or 11 m. eq. if an allowance of 2 m. eq. for 
magnesium is deducted. Of this, 4m. eq. of sodium are contributed by sodium 
in the intercellular plasma, so that the true cell sodium averages about 7 m. eq. 
per I. 


REFERENCES 


Adair & Keys (1934). J. Physiol. 81, 162. 

Hald & Eisenman (1937). J. biol. Chem. 118, 275. 
Kramer & Tisdall (1921). J. biol. Chem. 46, 339. 
McCance (1937). Biochem. J. 31, 1278. 

Maizels (1935). Biochem. J. 29, 1970. 

(1936). Biochem. J. 30, 821. 

Oberst (1935). J. biol. Chem. 108, 153. 





| 


; 





CCLXIII. A COMPARATIVE STUDY OF THE 

PRODUCTION OF J/-3:4-DIHYDROXYPHENYL- 

ALANINE FROM TYROSINE BY TYROSINASE 
FROM VARIOUS SOURCES 


By WILLIAM CHARLES EVANS anp HENRY STANLEY RAPER 
From the Physiology Department, University of Manchester 


(Received 15 October 1937) 


Ir has been shown previously [Raper, 1926] that when the monophenolase 
tyrosinase acts upon tyrosine the first product of the action is /-3:4-dihydroxy- 
phenylalanine (dopa). Using qualitative methods and comparing different 
sources of the enzyme, it has since been found that the ease with which the 
production of dopa can be demonstrated varies considerably. With tyrosinase 
from mealworms, for instance, the production of dopa is easily shown, but not 
so with potato tyrosinase. It seemed desirable therefore to investigate the 
matter quantitatively, using different plant and animal tyrosinases, since the 
differences observed might be due to the presence of other enzymes. The present 
paper deals with this study, and it is shown that the variation in the dopa 
production from tyrosine is accounted for satisfactorily by the presence of con- 
taminating enzymes which oxidize dopa but not tyrosine in the tyrosinase- 
tyrosine reaction. The ratio dopa produced/tyrosine oxidized has been used as 
a guide in the quantitative study of the production of dopa from tyrosine in the 
enzyme action. With the tyrosinases prepared from animal sources, mealworm 
and Calliphora, this ratio is consistently about five times greater than the same 
ratio using tyrosine from plant sources, potato or bran. This result is coincident 
with the fact that the plant enzyme preparations contain peroxidase, catechol 
oxidase and other polyphenol] oxidases, whilst the animal enzymes do not 
contain peroxidase, but do contain catalase. 

A certain amount of evidence has been brought forward that hydrogen 
peroxide or an organic peroxide is produced in the tyrosinase-tyrosine reaction. 
It would therefore be reasonable to expect them to be immediately activated 
by the peroxidase present. This peroxidase-peroxide system would oxidize the 
catechol derivative (dopa) produced by the action of the monophenolase on 
the monohydric phenol (tyrosine), resulting in the ratio dopa produced/tyrosine 
oxidized being much depressed. 

The effect of the addition of a purified peroxidase preparation to the meal- 
worm tyrosinase-tyrosine reaction strongly supports the above view. Per- 
oxidase, when added to the animal tyrosinase-tyrosine system, in approximately 
equivalent concentration to the peroxidase content of the plant enzyme pre- 
parations, decreased the above ratio to the value obtained in the plant tyrosinase- 
tyrosine system. It is quite probable that the catechol oxidase described by 
Szent-Gyérgyi [1925] and Keilin [1928] also occurring in conjunction with the 
monophenolase will also affect the ratio. It is of great interest that peroxidase 
alone (without the addition of hydrogen peroxide), on addition to the animal 
tyrosinase-tyrosine system, decreases the accumulation of dopa considerably. 
Since peroxidase itself has no action on mono- or di-hydric phenols, this provides 
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additional evidence that either hydrogen peroxide, or an organic peroxide which 
is capable of being activated by peroxidase, is produced in the tyrosinase- 
tyrosine reaction. 


Sources of enzymes used in the work, and method of preparation 


Mealworm tyrosinase. This enzyme was prepared according to Raper’s pro- 
cedure [1926], and dialysed. It does not give any trace of a peroxidase reaction, 
but contains catalase. 

Calliphora tyrosinase. 100 g. Calliphora larvae are ground with 200 ml. of 
0-15°% acetic acid. The hulls are strained, ground up with another 150 ml. 
acetic acid and again strained. The creamy fluid is centrifuged at once. The 
upper layers are rejected and the residue washed with 0-01% acetic acid. 
Finally the deposit is suspended in 350 ml. tap water together with 3 drops of 
ammonia (3%) and a little chloroform. Dialysed, it contains catalase as well as 
tyrosinase, but gives no reaction for peroxidase. 

Potato tyrosinase. A dialysed press juice was used in many experiments, 
whilst in others the following purification process was used. To a volume of the 
potato juice, an equal volume of acetone-ether (3 : 1) was gradually added, with 
cooling and stirring. The flocculent, greyish precipitate was allowed to settle for 
1 hr. in the ice-chest, the supernatant fluid was syphoned off and the precipitate 
collected, washed with acetone-ether and then with a little water. It was sus- 
pended in water, made faintly alkaline with ammonia, and toluene or chloroform 
added as antiseptic. The potato enzyme, whichever way it was made, contained 
peroxidase. 

Bran tyrosinase. Prepared as described by Bertrand & Thomas [1920] with 
slight modifications. The bran is macerated with chloroform water and, after 
5 hr. standing, strained through muslin. The liquid is centrifuged and the clear, 
supernatant liquid precipitated by the addition of acetone-ether (3:1). The 
precipitate is separated by centrifuging and washed again with alcohol or 
acetone-ether, suspended in water made faintly alkaline with ammonia and 
chloroform or toluene added. The preparation also contains peroxidase. 

Peroxidase. Peroxidase was prepared from horse-radish as described by 
Bach & Chodat [1903]. 


Methods of estimation of tyrosine and dopa 


(A) Tyrosine. (i) Bromination method. As described by Millar [1903] and 
modified by Raper & Wormall [1923]. 

(ii) Colorimetric method. As described by Folin & Ciocalteu [1927] based on 
Millon’s reaction. 

(B) Dopa. The methods which were found applicable are colorimetric and 
can be divided into two groups: 

(a) those depending primarily on the formation of a red oxidation product; 

(b) those depending on the reducing power of the catechol grouping. 

(i) Ammonium molybdate method. Rae [1930] has used this reagent for 
adrenaline estimation. On examination of its applicability to dopa estimation, 
using ammonium molybdate (10%), the following facts were found. (a) The 
proportionality is good over the range 1/1000-1/25,000, but in lower dilutions 
the comparison is not easy to make on a Klett colorimeter, although the yellow 
colour is easily visible to the naked eye. (b) The standard and unknown must be 
buffered to the same pH before comparison is made, as the depth of colour varies 
slightly with the pH. All comparisons were therefore made in sodium acetate- 
acetic acid buffer at pH 5-7. 
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It should be noted that ascorbic acid gives a green coloration turning blue 
with the molybdate reagent, and hence the method is unreliable in its presence. 
All catechol derivatives can be estimated accurately by the method, provided 
that interfering substances are absent. Monohydric phenols do not give the 
reaction. 

(ii) The Vulpian reaction [1856]. The development of a red colour when 
adrenaline is oxidized with iodine has been made a basis of colorimetric com- 
parison by Schild [1933] and von Euler [1933]. The method can be applied 
satisfactorily to dopa as well. The procedure is as follows. 

The reaction mixture is adjusted to pH 6-0 with phosphate buffer, and a 
preliminary determination to fix the strength of the control is made. N/100 
Lugol solution (1 part I, to 2 parts KI) is added in proportion of about 1 ml. 
N/100 to 0-1 mg. dopa, until the colour is definitely brown. The solution is 
allowed to stand for a definite time (50-100 sec.), mixing well. At the end of 
this period an equal volume of thiosulphate (N/100) is added to destroy the 
excess iodine and the solution made up to a convenient volume with buffer and 
compared in the colorimeter. The method gives good results down to a con- 
centration of 1/100,000; below this it is hard to make the comparison with an 
ordinary Klett colorimeter. The test is not affected by ascorbic acid (so long as 
excess of iodine is added) and it is not given by tyrosine. 

The separate estimation of tyrosine and dopa in a mixture. Tyrosine is not 
very soluble in water near neutrality (1 in 2000), and the yield of dopa in 
the enzyme action is exceedingly small when starting with 200 ml. saturated 
tyrosine solution (0-1 g.) since only about 50% of the tyrosine is oxidized. A 
method of concentration is therefore advisable. 

The method used by Raper [1926] for the isolation of l-dopa from the 
tyrosinase-tyrosine reaction was tested on a quantitative basis. 

Addition of excess lead acetate to a neutral solution of tyrosine and dopa 
gives no precipitate. If, by cautious addition of dilute ammonia (1%), the 
solution is made distinctly but not strongly alkaline to litmus, pH 8-5, a yellow 
precipitate of the lead compound of dopa is obtained, the tyrosine remaining in 
solution. An excess of ammonia must be avoided, as, if pH 9 is exceeded there 
is a danger of tyrosine being slowly precipitated. By allowing the precipitate 
to settle (about 3 hr. are necessary) and filtering gravimetrically, a complete 
separation of dopa and tyrosine is obtained. The lead-dopa compound is easily 
decomposed by suspension in water made faintly acid with acetic acid and 
saturating with H,S. Excess lead is removed from the mother-liquor (containing 
the tyrosine) by H,S. The lead-dopa precipitate is best filtered through tightly 
packed fine asbestos, and the whole taken up again and washed into a conical 
flask with ground glass stopper. After decomposition of the lead precipitate 
and thorough washing by suspension in water, the H,S must be completely 
removed by boiling or aeration in vacuo. A drop of sulphurous acid prevents 
any oxidation of the dopa if the solution is boiled. The solution, after decom- 
position of the lead-dopa precipitate and neutralization with acetate buffer, is 
brought to a convenient volume, e.g. 25 or 50 ml., and the comparison made with 
the standard. 

The mother-liquor containing the tyrosine is also treated with H,S, filtered, 
washed and, after removal of H,S by boiling, made up to convenient bulk. The 
tyrosine is estimated by bromination. 

In a trial of the method, using 20 ml. of a solution containing 20 mg. dopa 
and 5 mg. tyrosine, the amounts found were: dopa, 19 mg.; tyrosine, 5-1 mg. 
To obtain further experience of the method before applying it in the enzyme 
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action, the production of dopa by the oxidation of tyrosine with Fenton’s 
reagent [Raper, 1932] was studied. 

A comparison of the yields in neutral and acid solution was made, using 
varying amounts of hydrogen peroxide. The reactants were dissolved in 200 ml. 
water and kept overnight at room temperature. The dichromate test for H,O, 
was then negative. The results are given in Table I. 


Table I 
Acetic acid H,0, Yield of 

10% FeSO, Tyrosine 6% dopa 
ml. g. mg. mol. mg. 
0-5 0-05 100 1-0 20-4 
—_— 0-05 100 1-0 19-8 
0-5 0-05 100 1-5 25:3 
— 0-05 100 1-5 24-0 
0-5 0-05 100 2-0 22-5 


The highest yield of dopa is about 25% of the tyrosine taken. The tyrosine 
left, if any, was not estimated in these experiments, but the filtrate gave a weak 
Millon’s test—showing that some was still present. The reaction appeared to go 
equally well in acid and neutral solution. 


Quantitative investigations on the tyrosinase-tyrosine reaction 


The enzyme actions were carried out in all cases, unless otherwise stated, in 
a thermostat at 25°. The general procedure was as follows. The flasks (identical 
500 ml.) were immersed bodily in the thermostat; oxygen was used for aeration, 
the gases being first drawn through a toluene-water mixture immersed in the 
thermostat. All solutions were brought to the temperature of the thermostat 
before mixing and the reaction flasks were gently shaken mechanically. Toluene, 
together with a few drops of capryl alcohol, were added. 

The pH of the reaction mixtures was quickly found by means of the hydrogen 
electrode, or using Walpole’s comparative method with a series of buffers. All 
the enzyme reactions were timed, usuaily lasting 2-5 hr. 

To stop the reaction, acetic acid (5 ml. 10%) and lead acetate (5 ml. 20%) 
were added—the enzyme is thus precipitated and the pH is below 5. The indole 
derivatives were allowed to oxidize to melanin by plugging the flasks with cotton- 
wool and keeping overnight. The melanin could then easily be filtered off, 
leaving a perfectly clear solution containing the dopa and unoxidized tyrosine. 

The procedure for separating the dopa and tyrosine described above was used, 
dopa being estimated colorimetrically and tyrosine by the bromination method. 
Controls were always done at the same time with distilled water (same volume 
as that of substrate) and the same amount of enzyme. This is important, to get 
the blank tyrosine figure when using the bromination method, especially with 
the potato enzyme. The blank dopa estimation was always found to be zero. 

(i) Effect of initial pH on the dopa produced. Raper & Wormall [1923] found 
that the limits of tyrosinase activity were pH 5-10, and that more tyrosine was 
oxidized by the enzyme at pH 8 than at pH 7 and less still at pH 6, using the 
potato enzyme. No clear optimum was observed, although the production of 
“red quinone” was best at pH 6-5. Narayanamurti & Ayyar [1929] found that 
the tyrosinase from Dolichos lab lab had an optimum at pH 6-5, and Nobutani 
[1936] with potato enzyme found an optimum at pH 7-38. Graubard & Nelson 
[1935] found that with potato tyrosinase, when purified by different methods, 
there was a narrowing of pH range of activity on purification, the optimum 
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being pH 6-5-7. The results indicate that the figures obtained by various in- 
vestigators depend on the isoelectric point of the proteins with which the enzyme 
is associated. 

It was important for the present investigation to know what effect, if any, 
the pH had on the ratio dopa produced/tyrosine oxidized. The reaction mixtures 
were adjusted before starting to pH 6, 7 and 8 by addition of dilute acetic acid 
and/or ammonia. 

Experimental solutions. Three identical 500 ml. flasks each containing tyrosine 
(200 ml., ie. 100 mg.) and mealworm enzyme (10 ml.) adjusted to pH 6, 7 and 8. 

Control solution. 200 ml. distilled water, 10 ml. mealworm enzyme. Duration 
of aeration (oxygen), 4-5 hr. From preliminary experiments it was found that 
adjustment of the pH of the controls 6-8 did not make any difference to the 
tyrosine figure and only one control was therefore necessary. 


Table II 
pH of Tyrosine Dopa 
solution oxidized produced Dopa produced 
at start mg. mg. Tyrosine oxidized 
6 34-1 3-518 0-105 
7 45-9 4-219 0-093 
8 54:8 5-517 0-101 


The results of Table II show that the ratio is independent of pH within the 
limits pH 6-8. Incidentally, it confirms Raper & Wormall’s results [1923] when 
working with potato enzyme. They found that most tyrosine disappeared at 
pH 8, and least at pH 6. 

(ii) Quantitative comparison of enzymes from different sources with respect to 
the dopa produced. For a comparison of tyrosinases from different sources as 
regards dopa production it is desirable to start with enzyme preparations of 
about equal activities on the substrate. 

Graubard [1932] found that the most convenient method for comparison of 
enzyme strengths was to follow the oxygen uptakes, using a variety of suitable 
substrates. Upon this basis Richter [1934] and Graubard & Nelson [1935] have 
established “tyrosinase units”’. 

In this work Barcroft respirometers were used to estimate the activities of 
the enzyme preparations. As substrates, were used: (a) tyramine hydrochloride 
(0-4 °%)+dopa (0-008 %)—to prevent the initial lag; (b) p-cresol (0-25 %). 

The respirometer bottles contained : 





Right-hand Left-hand 
ml. ml, 
KOH (40%) in cup 0-1 0-1 
Enzyme 0-5 0-5 
Substrate 0-5 — 
Phosphate buffer, pH 7 2-0 2-5 
Total vol. 3-1 3-1 


The taps of the respirometer were closed after 5 min. equilibration in the 
thermostat. Oscillations were about 90 per min. The slope of the oxygen uptake 
curve with time was used as an index of the activity of the enzyme preparations 
and, by means of this, approximately equivalent amounts of the enzyme could 
be taken for the dopa-production experiments with tyrosine. 

Conditions of experiment. Substrate employed, 250 ml. 1/2000 tyrosine; 
enzyme 12-5 ml.; pH 7; time of aeration (oxygen) 4 hr. Controls were done with 
all enzymes and the tyrosine and dopa then assayed. 
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Table III summarizes the results obtained using four different sources of 
tyrosinase. The difference in the ratio dopa produced/tyrosine oxidized is pro- 


nounced. 
Table IIT 
Tyrosine Dopa 
oxidized produced Dopa produced _ 
Enzyme mg. mg. Tyrosine oxidized 
Exp. 1. Mealworm enzyme 73°3 8-3 0-113 
Potato enzyme 56-6 2-1 0-037 
Exp. 2. Mealworm enzyme* 66-9 10-0 0-15 
Potato enzyme 79-6 2-1 0-026 
Exp. 3. Calliphora enzyme 58-5 7-02 0-12 
Bran enzyme 49-7 1-25 0-025 


* Same enzyme solutions as Exp. 1, 2 weeks later. 


(iii) Effect of peroxidase on the mealworm tyrosinase-tyrosine reaction. Stan- 
dardization of peroxidase from horse-radish and the “peroxidase” content of 
potato enzyme. The strength of the peroxidase in the potato enzyme and of the 
horse-radish preparation was estimated (a) by Willstatter’s purpurogallin 
method and (6b) by using guaiacol as substrate. 

Method (a). 0-2 ml. of the peroxidase preparation yielded 0-185 g. purpuro- 
gallin. 2-0 ml. of filtered potato enzyme yielded 0-155 g. purpurogallin. Thus 
1-0 ml. peroxidase was equivalent to 12 ml. of the potato enzyme. 

Method (b). Guaiacol standardization. Since tyrosinase also acts on pyro- 
gallol giving purpurogallin [Pugh & Raper, 1927], the above method would 
appear to give the sum of the peroxidase and tyrosinase contents. However, as 
the concentration of hydrogen peroxide is appreciable, and Pugh [1930] has 
shown that tyrosinase is inhibited by high concentrations of H,O,, it may well 
be that tyrosinase action is inhibited altogether in this experiment. It was 
thought advisable to check this point using as substrate guaiacol upon which tyro- 
sinase has no action. Both enzymes were diluted ten times. As substrate, 5 ml. of 
a 1% solution of guaiacol in water and 1 ml. of 4% hydrogen peroxide were used. 


(a) Peroxidase (6) Potato 


preparation enzyme 
ml. ml. Remarks 
0-05 0-5 After 5 min. red colour in (a) slightly darker 
0-05 0-8 Colour approx. the same on development in (a) and (5) 


1 ml. peroxidase preparation is thus equivalent to between 10 and 16 ml. 
potato enzyme. Hence this method gives approximately the same result as the 
Willstatter method. 

Effect of peroxidase on the dopa produced in the mealworm tyrosinase-tyrosine 
reaction. The peroxidase was added in equivalent concentration to the amount 
found in the potato enzyme. : 

Exp. 1. Solutions: (a) Tyrosine (250 ml. 1/2000); mealworm enzyme (12-5 
ml.); adjusted to pH 7. (6b) Tyrosine (250 ml.); mealworm enzyme (12-5 ml.); 
peroxidase preparation (2-0 ml.); adjusted to pH 7. (c) and (d) Controls of (a) 
and (b) using H,O (250 ml.) instead of substrate. (e) Tyrosine (250 ml.); per- 
oxidase (2-0 ml.); adjusted to pH 7. (f) Tyrosine (250 ml.); mealworm enzyme 
(12-5 ml.); boiled peroxidase (2 ml.). Aeration time (oxygen) 5 hr.; toluene and 
capryl alcohol added as usual. 

Exp. 2. Exactly similar to Exp. 1, but instead of using 2 ml. peroxidase 
preparation, the quantity was reduced to 0-5 ml. All controls were done in an 
identical manner. 
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After completion of the enzyme action, acetic acid and lead acetate were 
added as usual and the dopa and tyrosine assayed. 








Table IV 
Tyrosine Dopa 
oxidized produced Dopa produced 
Exp. Enzyme mg. mg. Tyrosine oxidized 
1 Mealworm enzyme alone 33-4 6-5 0-194 
Mealworm enzyme and peroxi- 36-1 1-9 0-053 
dase (2 ml.) 
Mealworm enzyme and boiled 29-1 6-25 0-21 
peroxidase (2 ml.) 
2 Mealworm enzyme alone 30-9 5-4 0-14 
Mealworm enzyme and peroxi- 33-4 1-6 0-05 
dase (0-5 ml.) 
Mealworm enzyme and boiled 32-76 6-0 0-18 


peroxidase (0-5 ml.) 


From the results recorded, the conclusion seems warranted that the be- 
haviour of tyrosinase preparations (monophenolases) from different sources, as 
regards dopa accumulation, depends on the presence of enzymes other than the 
monophenolase, which oxidize the dopa. They are possibly peroxidases or 
catechol oxidases, since it has been shown that peroxidase itself will bring about 
a lowering of the ratio dopa produced/tyrosine oxidized down to the level 
observed consistently with the potato enzyme. 


SUMMARY 


1. A method for estimating 1-3:4-dihydroxyphenylalanine (dopa) and tyrosine 
in the presence of each other is described. 

2. The amount of dopa produced when tyrosine is oxidized by tyrosinase 
varies with the source of the enzyme. 

3. Evidence is presented that diminution in the production of dopa is due to 
the presence of peroxidase or polyphenolases in the tyrosinase preparations. 

4. The effect of peroxidase in diminishing dopa production indicates that 
hydrogen peroxide or an organic peroxide capable of acting with peroxidase is 
produced in the oxidation of tyrosine by tyrosinase. 
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CCLXIV. THE ACCUMULATION OF /-3:4- 
DIHYDROXYPHENYLALANINE IN THE 
TYROSINASE-TYROSINE REACTION 


By WILLIAM CHARLES EVANS anp HENRY STANLEY RAPER 
From the Physiology Department, University of Manchester 


(Received 15 October 1937) 


ALTHOUGH it is easily demonstrated that when tyrosinase acts upon tyrosine 
1-3:4-dihydroxyphenylalanine (dopa) is produced, it has hitherto not been clear 
why this is possible. Tyrosinase acts far more rapidly on dopa than on tyrosine, 
and dopa would therefore not be expected to accumulate in the reaction. 

However, from a mealworm tyrosinase-tyrosine reaction, which has proceeded 
2-5 hr., dopa can be isolated in yields varying from 10 to 20% of the actual 
tyrosine oxidized. Although, as shown in the preceding paper, the presence 
of peroxidase and other catechol oxidases explains satisfactorily why dopa 
accumulates to a smaller extent in the case of the plant tyrosinase preparation, 
it does not explain its accumulation in the animal tyrosinase-tyrosine reaction, 
in spite of the rate at which tyrosinase oxidizes dopa. 

Indeed, it seems to be generally true that tyrosinases from all sources 
oxidize o-dihydric phenols at a much faster rate than monohydric phenols. 
Pugh [1930] and Graubard & Nelson [1935] have investigated the actions of 
tyrosinase preparations subjected to different methods of purification on catechol 
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and p-cresol respectively. Their results show that the same enzyme is responsible 
for the catalytic oxidation of both mono- and o-di-hydric phenols. As long as 
the enzyme can act on p-cresol it can also act on catechol, although inactivation 
of the enzyme is brought about much more quickly by catechol than by p-cresol. 
When the enzyme is inactive towards catechol, it is also inactive towards p- 
cresol, and conversely. 

It appears to us very unlikely that a selective inactivation of tyrosinase 
towards dopa and not towards tyrosine should occur during the course of the 
enzyme action. It is more probable that the accumulation of dopa when using 
the animal tyrosinases is to be explained by the presence of some reducing agent 
or system, which reduces the dopa-quinone (III), the second product of the 
enzyme action. 

Considering the scheme (p. 2162) which has been put forward to explain 
the mechanism of the tyrosinase-tyrosine reaction [Raper, 1927], it will be 
observed that there are two oxidation-reduction systems involved, namely: 
(i) dopa == dopa-quinone (III), #,=+0-511V./pH 4:6 [Ball & Chen, 
1933]; (ii) 5:6-dihydroxydihydroindole-«-carboxylic acid (IV) (leuco-compound) 
== 5:6-quinone (V), H,= +0-170 V./pH 4-6 [Friedheim, 1933]. 

(hallachrome) 

The presence of reducing enzyme systems in the mealworm tyrosinase pre- 
paration which could reduce the dopa-quinone (III) or hallachrome (V) has 
been sought for without success. The mealworm enzyme, in virtue of the method 
of preparation, is unlikely to contain any substrate which could enter into a 
dehydrogenase system and utilize dopa-quinone (III) or hallachrome (V) as 
hydrogen acceptors. It was found, however, that hallachrome will act as a 
perfect hydrogen acceptor in xanthine oxidase and succinic oxidase systems, and 
satisfactorily replaces methylene blue. By analogy, although dopa-quinone has 
never been isolated, it could also act as a hydrogen acceptor in such systems. 

The failure to find an enzyme system that could account for the reducing 
action led to the consideration of the possibility that some product of the 
reaction itself acted as a reducing agent. Of such products the most likely 
appeared to be 5:6-dihydroxydihydroindole-«-carboxylic acid. This is the pro- 
duct which results from the intramolecular rearrangement of dopa-quinone. It 
easily takes up oxygen from the air, and is converted into its corresponding 
quinone [Heard & Raper, 1932] and might therefore reduce dopa-quinone back 
to dopa, and itself be oxidized to its corresponding quinone (the red pigment, 
hallachrome, of the tyrosinase reaction), thus: 
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This is possible from a consideration of the oxidation-reduction potentials 
of the systems concerned, so far as they have been investigated. 

The determining factors in the accumulation of dopa in the mealworm 
tyrosinase-tyrosine reaction would then be the relative velocities of the enzymic 
oxidation process and of the internal oxidation-reduction reactions. 

If this is the correct explanation, then it would be anticipated that 5:6- 
dihydroxydihydroindole-«-carboxylic acid, when added to a tyrosinase-tyrosine 
system, would increase the dopa accumulation by increasing the efficiency of the 
reducing mechanism. The ratio dopa produced/tyrosine oxidized should there- 
fore be increased. Experiment has shown that this is the case. The leuco- 
compound, obtained by large scale preparation from the tyrosinase-tyrosine 
reaction, and also from the worm Halla parthenopoea by reduction of halla- 
chrome with palladium-norite and hydrogen, when added continuously in small 
quantities to a proceeding tyrosinase-tyrosine reaction, increased the ratio 
dopa produced/tyrosine oxidized from 0-123 without its addition (control), to 
0-193 with its addition. 

The following scheme is therefore advanced as representing an interplay of 
chemical reactions in the tyrosinase-tyrosine system. 
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Although not concerned in the accumulation of dopa in the tyrosinase- 
tyrosine system, an attempt was made to study quantitatively the effects of 
other biological reducing systems on the tyrosinase-tyrosine system as regards 
dopa accumulation. Preliminary observation showed that hallachrome acted as 
a hydrogen acceptor in the xanthine oxidase and succinic oxidase systems. On 
attempting quantitative experiments in systems in which tyrosinase and xan- 
thine oxidase were present with their respective substrates, it was found to be 
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impossible to estimate unchanged tyrosine owing to the presence of interfering 
substances. Hence, although an increased production of dopa was observed as 
compared with that found when tyrosinase acted alone, the result must be 
regarded as inconclusive, since the dopa produced could not be equated with the 
tyrosine oxidized. Similar experiments in presence of succinic oxidase and suc- 
cinate did not reveal any significant change in the ratio dopa produced/tyrosine 
oxidized. Lastly, the action of ascorbic acid in the tyrosinase-tyrosine reaction 
was investigated. It is well known that vitamin C stabilizes adrenaline [Heard & 
Raper, 1932] and from analogy it would be expected also to stabilize dopa. This 
is quite in accord with the oxidation/reduction potentials of the systems con- 
cerned, for ascorbic acid Hy’ = —0-045 V. at pH 7 and 30° [Green, 1934]; and 
dopa == dopa-quinone FL,’ = +0-345 V. at pH 7 [Ball & Chen, 1933]. 

Test-tube experiments showed that ascorbic acid, added in small! amounts to 
the tyrosinase-tyrosine system inhibited pigment formation for some time. This 
may not mean that it inhibits the formation of dopa from tyrosine by the 
enzyme, since if it keeps the dopa in the reduced state, no pigmentation will be 
visible. The results so far show that there is an increase in the ratio dopa pro- 
duced/tyrosine oxidized when ascorbic acid is introduced into the system. More 
work on the effect of ascorbic acid on the accumulation of dopa in the tyrosinase 
system is necessary before the mechanism is fully understood, and it is hoped 
to investigate this point, together with the effects of the addition of glutathione 
to the tyrosinase system. 

EXPERIMENTAL 


(1) Preparation of 5 :6-dihydroxydihydroindole-x-carboxylic acid 


This substance can be obtained in aqueous solution from two sources: 
(a) isolation of the naturally occurring 5:6-quinone of dihydroindole-«-carboxylic 
acid from the polichaete worm Halla parthenopoea Costa [Mazza & Stolfi, 1931] 
and reduction with palladium and hydrogen; (b) isolation and reduction of the 
5:6-quinone from the tyrosinase-tyrosine reaction, or reduction of the concen- 
trated 5:6-dihydroxyindole-x-carboxylic acid catalytically to 5:6-dihydroxy- 
dihydroindole-«-carboxylic acid. Both methods have been used. 

From the worms (obtained from the Naples Biological Station) the procedure 
of Mazza & Stolfi was followed. The alcoholic extract of the worms, coloured 
deep red with a bluish fluorescence, was concentrated in a stream of hydrogen 
(under reduced pressure) at 25°. The residue was treated with a small volume of 
glacial acetic acid, the solution kept for some time and then filtered, the filtrate 
being coloured a good red-violet. Anhydrous acetone (4 vol.) was added and 
the solution left in the ice-chest for some time, the small brown precipitate 
which was deposited being filtered off. The filtrate was evaporated to dryness at 
30° in vacuo, taken up again in a small volume of anhydrous acetone, filtered 
and evaporated to dryness over H,SO,. A rose-brown residue was left, easily 
soluble in water giving a brilliant reddish purple solution and possessing all the 
properties of hallachrome. A concentrated solution was easily reduced by the 
aid of palladium-norite (0-1 °) and hydrogen to the colourless leuco-body. This 
colourless solution, on shaking with air, absorbed oxygen again, with the pro- 
duction of the 5:6-quinone. 

In the present work a good supply of the leuco-body was necessary. Since it 
is not easy to get a good supply of Halla, it was thought possible to try and 
isolate the hallachrome from the products of the tyrosinase-tyrosine reaction. 
Hitherto, it had been believed that the red quinone was too unstable to with- 
stand isolation. 
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As hallachrome is easily destroyed by boiling, it is important that the 
evaporation of large quantities should be accomplished at a low temperature 
and preferably in an atmosphere of hydrogen. Tyrosine in saturated solution 
(1 g./21.) was oxidized, using a purified potato tyrosinase (acetone-ether pre- 
cipitate from potato juice), and when a good red colour had been obtained, the 
enzyme was precipitated by the cautious addition of acetic acid. Solid CO, 
was added to the filtered, port wine-coloured solution to saturate with CO, and 
cool, and the solution evaporated at 25-30° at low pressure using a high-vacuum 
pump. The two receivers were cooled in freezing mixtures, and traps of conc. 
H,SO, and CaCl, were used. At no stage in the evaporation was air let in, the 
apparatus being thoroughly washed out with hydrogen at the start. 

The residue from large scale preparations of many litres of hallachrome 
solution, after evaporating to dryness, was taken up in anhydrous acetone in 
absence of air and kept in the ice-chest. It was coloured a deep reddish brown, 
and was quickly filtered and evaporated again under hydrogen in vacuo. In 
this way, a dark reddish brown solid was obtained, soluble in water giving a 
deep reddish violet colour in concentrated solution. It behaved in every way 
like the 5:6-quinone of dihydroindole-«-carboxylic acid and gave the Erhlich 
reaction on boiling. The yield was, however, very small and at the stage where it 
was taken up in anhydrous acetone, a considerable brown residue did not go 
into solution ; presumably owing to decomposition in the process of preparation. 

The substance finally obtained was dissolved in water and this concentrated 
solution was reduced catalytically by means of palladium-norite and hydrogen. 


(II) Action of 5:6-dihydroxydihydroindole-x-carboxylic acid on 
the mealworm tyrosinase-tyrosine reaction 


The solution of reduced quinone (leuco-body) was electrometrically titrated 
in a stream of hydrogen and the pH adjusted to 7 by dropping small amounts 
of ammonia from a microburette fitted into the rubber bung. The bottom of the 
titration vessel was connected with a 25 ml. burette whose outlet at the top was 
connected by a three-way tap to a reservoir of hydrogen or the suction pump. 
In this way the neutralized, reduced quinone (leuco-body) was kept under 
hydrogen until the experiment proper. 

Exp. 1. Solutions: (a) Tyrosine (250 ml. 1/2000); mealworm enzyme (12-5 
ml.); water (25 ml.); adjusted to pH 7. (b) Tyrosine + enzyme (same amounts) + 
leuco-body (25 ml.); adjusted to pH 7. (c) Control of (a) using water (250 ml.) 
instead of substrate+enzyme (12-5ml.). (d) Control of (6) using water 
(250 ml.)+leuco-body (25 ml.)+enzyme (12-5 ml.). Temperature of bath 25°. 
Time of aeration, 2-5 hr. (oxygen). Toluene and capryl alcohol were added and 
the dopa and tyrosine at the end of the enzyme action assayed. The results 
obtained are shown in Table I. 

Table I 
Tyrosine Dopa 
oxidized produced Dopa 
mg. Tyrosine 


Mealworm enzyme and tyrosine . 8-1 0-114 
Mealworm enzyme, tyrosine and leuco-body BE 10-3 0-157 


As seen, the ratio dopa produced/tyrosine oxidized is greater on addition of 
the 5:6-dihydroxydihydroindole-g-carboxylic acid. It was thought that the 
introduction of the leuco-body, completely at the start of the enzyme action, did 
not simulate the continuous oxidation and reduction equilibrium set up in the 
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reaction mixture, when a definite concentration of red quinone is established. 
What is required, if possible, to favour dopa accumulation, is a continuous 
high preponderance of the leuco-body. Hence the addition of the leuco-body 
slowly over a period of time would more closely resemble what is required for 
dopa accumulation, and it was considered advisable to try this. 

Exp. 2. Solutions: (a) Tyrosine (250 ml.); mealworm enzyme (12-5 ml.); 
adjusted to pH 7. (b) Tyrosine (250 ml.); enzyme (12-5 ml.); 25 ml. leuco-body 
added from burette under hydrogen, with its delivery tube fitting into the 
reaction vessel. The addition was adjusted so that about 5 ml. were added 
during 30 min. Time of aeration, 3 hr. (oxygen). Temperature of bath, 25°. 
(c) and (d) Controls of (a) and (6) as in Exp. 1, the leuco-body being added 
simultaneously as in (b). The dopa and tyrosine were estimated at the end. 
Table II shows the collected results. 


Table II 


Tyrosine Dopa 
oxidized produced _ Dopa 
mg. mg. Tyrosine 


Mealworm enzyme and tyrosine 72 8-9 0-123 
Mealworm enzyme, tyrosine and leuco-body 68 12-9 0-19 


The results indicate that there is again a definite increase in dopa accumu- 
lation on addition to the enzymic reaction mixture of a solution of the reduced 
quinone (leuco-body). This is in accordance with the theory put forward to 
account for dopa accumulation in the mealworm enzyme tyrosinase-tyrosine 
system. There must be a limit to the concentration of dopa which can accumulate 
in the tyrosinase system; the yield of dopa in the second experiment was 18-9% 
of the tyrosine oxidized, and it is quite probable that it represents very nearly 
a maximum. 


(III) Demonstration of the action of hallachrome as hydrogen 
acceptor in dehydrogenase systems 


By the use of the Thunberg tube technique, the presence of dehydrogenase 
systems, e.g. xanthine oxidase, succinic oxidase, glucose dehydrogenase, amino- 
acid dehydrogenase, were looked for, using methylene blue as hydrogen acceptor 
and with the addition of the appropriate substrate, but none was found to be 
present. It was quite easily demonstrable, however, that hallachrome could 
act as a perfect hydrogen acceptor for the xanthine oxidase and succinic oxidase 


systems. 
Table IIT 
Hypoxanthine Xanthine Hallachrome in Methylene blue 
oxidase (2% buffer pH 6-5 M/5000 
ml. ] 


1 


ml. 
3 
3 
3 
3 


l 
1 


As a source of xanthine oxidase the “whey preparation” of Dixon & Kodama 
[1926] pH 6-5 was used as a 2% solution in phosphate buffer. The substrate 
(hypoxanthine) was placed in the small side arm of the Keilin tube, and when 
evacuation and filling with nitrogen was complete, it was mixed with the other 
constituents of the tube. Tubes A and E were rapidly decolorized in a few 
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seconds, B, C and D remaining unchanged for many hours. Admittance of air 
into A and E brought back the bright red and blue colours respectively, but on 
evacuation again both tubes were decolorized. Hence the reaction leuco-body == 
hallachrome is reversible. When some of the hallachrome solution was boiled it 
immediately became colourless again (owing to the formation of 5:6-dihydroxy- 
indole-a-carboxylic acid). This colourless solution, as was expected, could not 
be reduced back to the leuco-body of hallachrome by the xanthine oxidase 
system. 

It appears probable that the system dopa == dopa-quinone would also 
be affected by the xanthine oxidase system and that dopa-quinone could thus 
act in a similar way as a hydrogen acceptor, since it has been found by Green 
[1934] that the normal potential of the xanthine oxidase system is very negative. 


System E, at pH 7/30° 
Hypoxanthine-xanthine —0-371 V. 
Xanthine-uric acid —0-361 V. 





Table IV 
Na succinate Succinic Hallachrome in Methylene blue 
(1/50) oxidase buffer pH 6-5 M/5000 
Tube ml. g- ml. ml. 
A 1 0-5 5 — 
B _— 0-5 5 _— 
C 1 — 5 — 


The succinic oxidase was prepared from sheep’s heart by Andersson’s method 
[1927]. Tubes A and D became decolorized in a few minutes. Hence hallachrome 
can replace methylene blue and act as a hydrogen acceptor for this system as well. 


Quantitative experiments on the effect of the xanthine oxidase 
system on the tyrosinase system 


Solutions: (a) Tyrosine (1/200, 250 ml.); mealworm tyrosinase (20 ml.); 
water (50 ml.) adjusted to pH 7. (6) Tyrosine (250 ml.); hypoxanthine (0-2 g.); 
tyrosinase (20 ml.) ; xanthine oxidase (50 ml., 5% solution ““whey preparation”’). 
(c) Control of (a) using water. (d) Control of (6) using 250 ml. water instead of 
the tyrosine; hypoxanthine (0-2 g.); xanthine oxidase (50 ml., 5%); tyrosinase 
(20 ml.). Toluene and capryl alcohol were added. Temperature 25°. All solutions 
were adjusted to pH 7. Aeration for 2 hr. (oxygen). 

At the end of this time acetic acid (10%) was cautiously added to precipitate 
the enzymes, but great difficulty was experienced in precipitating all the 
protein. Finally, addition of excess picric acid and removal of the excess of the 
latter with nitron acetate, followed by the removal of the slight excess of nitron 
with potassium nitrate was tried [Greenwald, 1924; Busch & Blume, 1908]. This 
was effective in removing most of the interfering substances, and the dopa was 
estimated by the usual colorimetric method. 

The filtrate was quite colourless, but on applying the usual methods of 
estimating tyrosine, it was found that the controls containing the “whey pre- 
paration”’ also gave Folin’s Millon reaction. The bromination method of estimat- 
ing the tyrosine could not be used either, since uric acid absorbs bromine under 
the conditions employed and it is present as a product of oxidation of the hypo- 
xanthine by xanthine oxidase. After many trials, no accurate method of 
assaying the tyrosine was found. The dopa figures, however, are given in 
Table V. 
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Table V 





Solutions Dopa in mg. 





Mealworm tyrosinase and tyrosine 5-4 
Mealworm tyrosinase, tyrosine, xanthine 7-2 
oxidase and hypoxanthine 









Since the tyrosine oxidized cannot be estimated, it cannot be definitely 
concluded from these experiments that the xanthine oxidase system favours the 
accumulation of dopa. 






Quantitative effect of the succinic oxidase system on the tyrosinase reaction 


The succinic oxidase of sheep’s heart was used. The muscle was finely chopped 
and ground with 0-25°% NaCl containing boric acid (1%) as antiseptic. The 
thoroughly washed tissue pulp was then used. 

Solutions: (a) Tyrosine (250 ml. 1 g./2000); mealworm enzyme (20 ml.); 
adjusted to pH 7. (b) Same as (a)+succinic oxidase (2 g. tissue pulp); sodium 
succinate (0-5 g.). (c) Control of (a) using water (250 ml.) instead of the sub- 
strate. (d) A similar control of (b). (e) Tyrosine (250 ml.); mealworm enzyme 
(20 ml.); succinic oxidase (2 g.). Adjusted all solutions to pH 7. Temperature 
of bath, 25°. Aeration time, 3 hr. 

The dopa and tyrosine were estimated by the molybdate method and by 
Folin’s adaptation of Millon’s reaction, respectively, as the bromination method 
could not be used, owing to the succinic acid-fumaric acid system. The results 
are shown in Table VI. 














Table VI 













Tyrosine Dopa 
oxidized produced Dopa 









Solutions mg. mg. Tyrosine 
Tyrosinase and tyrosine . 56-6 6-5 0-115 
Tyrosinase-tyrosine system and succinic 41-0 5-2 0-127 





oxidase-succinate system 





Tyrosinase-tyrosine system and succinic 37-0 4-8 0-13 
oxidase alone 









As can be seen from the table, there is no significant accumulation of dopa 
due to the introduction of the succinic oxidase-succinate system. 









Effect of ascorbic acid on dopa production in the tyrosinase-tyrosine reaction 


It has been shown that vitamin C inhibits the Bloch pigmentation reaction of 
animal tissues [Schroeder, 1932]. Szent-Gy6rgyi [1932] and Morawitz [1934] 
have also found that administration of ascorbic acid decreased pigmentation in 
Addison’s disease. Heard & Raper [1932], in perfusion experiments with the 
suprarenal gland, showed that adrenaline was stabilized by ascorbic acid. These 
observations suggest that vitamin C stabilizes catechol derivatives and prevents 
their oxidation to melanin or melanin-like pigments. This is quite in accord with 
the oxidation-reduction potentials of the systems concerned. No evidence as 
yet, however, has been obtained indicating the effect of ascorbic acid on the 
production of catechol derivatives from monohydric phenols under the influence 
of tyrosinase and oxygen. 

Test-tube experiments showed that the addition of ascorbic acid in small 
amounts to the tyrosinase system inhibited pigmentation for some time— 
presumably until the vitamin itself had been oxidized in the aerated solution. 
















2170 W. C. EVANS AND H. 8S. RAPER 


This may not mean that it inhibits dopa formation, since if it keeps the dopa in 
the reduced state no pigmentation will be visible. It was decided to try a 
quantitative experiment as follows: (a) Tyrosine (250 ml., 1/2000); mealworm 
tyrosinase (10 ml.) adjusted to pH 7. (6) Same as (a) but with the addition of 
ascorbic acid (0-1 g.)+the calculated quantity of sodium carbonate to neutralize 
it, at intervals. (c) Control of (a) with water+enzyme. (d) Control of (6) with 
water + enzyme + neutralized ascorbic acid. Temperature of bath, 25°. Aeration 
time, 3 hr. When a red colour started to appear in the flask b, a further quantity 
of neutralized ascorbic acid was added. 

The dopa and tyrosine were estimated by the Vulpian and Folin methods 
respectively. The molybdate colorimetric estimation for dopa cannot be applied 
since ascorbic acid interferes. 

Table VII 


Tyrosine Dopa 
oxidized produced Dopa 
Solution mg. mg. Tyrosine 
Tyrosinase and tyrosine 47-2 7-5 0-16 
Tyrosinase, tyrosine and ascorbic acid 32-4 12-9 0-39 


The results in Table VII indicate that ascorbic acid does not prevent the 
oxidation of tyrosine to dopa by tyrosinase. No attempt was made to follow the 
disappearance of ascorbic acid from the solution, but it appears that it protects 
the dopa from enzymic oxidation so long as there is an appreciable concen- 


tration in solution. 
SUMMARY 


1. The addition to the tyrosinase-tyrosine system of 5:6-dihydroxydihydro- 
indole-x-carboxylic acid, an intermediate product in the tyrosinase-tyrosine 
reaction, increases the amount of dopa produced in the reaction. It is therefore 
concluded that dopa normally accumulates in the reaction because of the re- 
duction of dopa-quinone by the dihydroindole derivative. 

2. Evidence is also presented that addition of ascorbic acid to the tyrosinase- 
tyrosine system increases the accumulation of dopa by reduction of dopa- 
quinone. 

3. No increase in dopa production was observed when the succinic oxidase- 
succinate system was present along with the tyrosinase-tyrosine system. 

4. Attempts to determine the effect of the xanthine oxidase-xanthine system 
on the tyrosinase-tyrosine reaction were inconclusive, since no satisfactory 
method was found for the estimation of the tyrosine oxidized. 
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Many attempts have been made in the past to place qualitative tests for 
adrenaline on a quantitative basis. The literature on this subject is well covered 
in a paper by Barker e¢ al. [1932] who point out the shortcomings and merits of 
the various known tests for the drug. In spite of the comparatively large 
literature on the subject, only three methods have been subjected to detailed 
study, namely, Ewins’s persulphate method, the iodine method originally 
described by Vulpian, and Folin’s method which depends on the reduction of 
phosphotungstic acid by adrenaline to produce a blue colour. 

The persulphate method was improved by Barker e¢ al. [1932] but Schild 
[1933] has shown that the development of the colour is influenced by unknown 
factors. 

The relative merits of the iodine oxidation method and Folin’s method are 
discussed by Barker et al. [1932], Schild [1933], and Devine [1937]. The use 
of the one or the other depends to some extent on the conditions of the experi- 
ment. Thus, when solutions of adrenaline are oxidized with iodine (Lugol’s 
solution) at a suitable pH, a red compound is produced, but it must be established 
that chemical analogues which may produce the same compound under the same 
conditions are absent. Folin’s method must be modified in the presence of uric 
acid and ascorbic acid. 

Hitherto experiments have been carried out on protein-free fluids: where 
necessary, proteins have been removed by precipitation with trichloroacetic 
acid. 

It seemed desirable to attempt to work out a method with a view to deter- 
mining adrenaline in solutions containing protein without diluting the solution 
further (as the addition of trichloroacetic acid usually does), and also because 
the quantitative recovery of adrenaline added to the plasma of defibrinated 
blood has not been achieved after the precipitation of proteins. 


METHODS 


The plasma from defibrinated ox blood was used as the protein-containing 
fluid to which was added 1/1000 adrenaline chloride or tartrate solution. Experi- 
ments were made with a view to recovering the adrenaline quantitatively (a) by 
precipitating the proteins and determining the drug in the protein-free filtrate 
and (b) from the protein-free ultrafiltrate. 

The iodine oxidation method was used to determine adrenaline. 
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Determination of adrenaline by the iodine (oxidation) method 
in protein-free solutions 

Schild [1933] has described the conditions necessary for a satisfactory deter- 
mination of adrenaline by oxidation to a red compound with Lugol’s solution in 
fluids free from protein. At pH values below 6 a yellow component of the 
oxidation product is prominent in the colour of the red oxidation product; at 
pH about 6-2, little yellow component exists, whereas at a definitely alkaline 
reaction, a blue component is introduced. These facts have been confirmed in 
the present work and some additional information obtained which shows the 
effect of change of pH on the determination of adrenaline. 

Two separate 1 ml. portions (V, and V,) of a standard acidified solution of 
adrenaline hydrochloride containing 0-1 mg. of adrenaline per 1 ml. were added 
to equal volumes (0-2-0-5 ml.) of 10% disodium hydrogen phosphate and the 
colours of the oxidation products obtained with 1 ml. of diluted (1:14 with 
water) Lugol’s solution followed by 1 ml. of 0-02N sodium thiosulphate after 
40 sec. were compared in a Duboscq colorimeter. 

The results are shown in Table I. When 0-2 ml. of alkali was used, the pH 
of the solution was about 6-2 as determined by the indicator method. Larger 


Table I. Effect of alkali on the determination of adrenaline 
by the iodine method 


Ratio of the con- 


Alkali (ml.) added to centrations of 
=t_—_——7 adrenaline in 
Exp. v, V3 V,and V, 

1 0-2 0-2 1-03 
2 0-2 0-2 1-02 
3 0-3 0-3 0-97 
4 0-4 0-4 0-98 
5 0-5 0-5 0-99 


volumes of alkali resulted in a tendency towards the introduction of the blue 
component into the oxidation product; nevertheless, accurate matching of the 
colours was possible. The error was less than 3%. 

In another series of experiments the effect of a different pH in each sample 
was investigated. Thus to each of two 1 ml. aliquots (V, and V,) of an acidified 
adrenaline solution were added different amounts of 10 or 5% alkaline sodium 
phosphate. The volumes of the two solutions were equalized and the colours 
developed as above. The results are in Table II. 


Table Il. Effect of alkali on the determination of adrenaline 
by the iodine method 


Ratio of the con- 





Alkali (ml.) added to centrations of 
—————,, adrenaline in 
Exp. V; Ve, V, and V, Remarks 
10% Na,HPO,, 12H,O 
] 0-5 0-2 1-09) Incomplete development of colour 
2 0-5 0-3 1-06} in V, (?) 
3 0-5 0-4 1-02 Easy colour match 
4 1-0 0-2 1-15 Accurate colour match impossible 
5% Na,HPO,, 12H,O 
5 1-0 1-0 1-02 Easy colour match 
6 1-0 0-85 1-12 
7 1-0 0-75 100 Accurate colour match impossible 


8 1-0 0-5 — 
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In Exps. 1-3, the addition of 0-5 ml. of alkali to 1 ml. of the adrenaline 
solution produced a pH of 6-2-6-4. In Exps. 1 and 2 the red components of 
the colours could be matched only approximately, probably because of incom- 
plete colour development in V,. In Exps. 5-8, the addition of 1 ml. of 5% 
Na,HPO,, 12H,O to the acidified adrenaline solution gave a pH of about 7. 
It will be seen that when V, was adjusted to the same pH, a good analysis was 
obtained. Discrepancies between the pH values of V, and JV, in the region of 
pH 7 are revealed in very erratic results due to considerable inaccuracies in the 
matching of the red colours which are much modified by blue components. 


Effect of the removal of proteins with trichloroacetic acid on the 
recovery of adrenaline added to plasma 


A weighed amount of adrenaline hydrochloride dissolved in a drop of 2N HCl 
was added to the plasma from defibrinated ox blood so that the resulting solu- 
tion contained 0-1 mg. of adrenaline per ml. The proteins were precipitated in 
different experiments by shaking with different volumes of 20%, trichloroacetic 
acid. The protein-free fluid obtained by centrifuging was brought to pH 6-4 
with 10 °% disodium hydrogen phosphate and the colour developed after oxidation 
with iodine was compared with that from a control which also contained tri- 
chloroacetic acid. The results are given in Table IIT. 


Table III. Recovery of adrenaline, added to plasma, from protein-free 
(trichloroacetic acid) filtrates 
Vol. of plasma 


in ml. Vol. of 20% Vol. of Adrenaline 
containing CCl;.-COOH __ protein-free content of 
0-1 mg. adrenaline added fluid (I) (I) in mg. % recovery 
Exp. per ml. in ml. in ml. per ml. of adrenaline 
] 10 10 13-7 Very low 
2 10 3°5 7-5 0-047 35 
3 10 2-5 6-4 0-08 51 
4 10 2-0 6-8 0-085 58 
5 10 2-0* 7-2 0-085 61 
6 10 2-0 7-0 0-079 55 


* Followed by 1 ml. of 10% Na,HPO,, 12H,0. 


The results seem to depend on the volume of trichloroacetic acid used to 
precipitate the proteins. A high concentration (Exps. 1 and 2) is associated with 
a poor recovery of adrenaline. The method was most unpromising because of 
the low recovery (maximum of 61 %) of the drug, owing possibly to the tendency 
of the precipitated proteins to carry down part of the adrenaline. 


Ultrafiltration of plasma containing adrenaline 


Preparation of membranes. Collodion (B.D.H.; “special for preparing permeable membranes”’) 
in ether was diluted with a little less than its own volume of pure ether dried over anhydrous 
sodium sulphate. The resulting fairly viscous fluid was poured in a thin stream down the side of 
a clean test-tube until it was nearly full. The test-tube was then placed vertically in a rack and 
covered for some time so that the bubbles might rise to the surface. (A few drops of dry ether on 
the surface of the liquid caused the bubbles to burst as soon as they gained the surface.) When 
the contents were clear, the tube, held between the palms of the hands, was inverted at an angle 
of about 45° and gently rotated for 2 min. The tube was refilled with collodion and when the 
bubbles had risen to the surface it was inverted again and rotated as before for 75 sec. A gentle 
stream of air was directed from a distance of a few inches into the mouth of the inverted tube 
which was continuously rotated for 2 min. The odour of ether was no longer observed in the tube 
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which was then filled with distilled water and set aside for 0-25-0-5 hr. The upper edge of the sac 
was eased away from the glass tube with a knife after which the sac was usually free to be removed 
and stored in water. 

Successful sacs were also prepared by slight modifications of the above procedure. The con- 
ditions for success are that the collodion should be spread evenly on the glass and that the mem- 
brane should be sufficiently dry before it is immersed in water. 


Ultrafiltration procedure. A membrane was selected and suitably trimmed 
to have a capacity of about 12 ml.; the uppermost 1 in. of its inside surface was 
dried with filter-paper. The structure which carried the membrane was a glass 
tube (as wide as practicable) with a thin piece of rubber tubing slipped over one 
end. The rubber was smeared with collodion and the sac carefully worked on. 
The joint was sealed with more coliodion and silk tied round as added support. 
An internal pressure, measured by a manometer, was supplied by a sphygmo- 
manometer bulb. The sac was tested for the absence of air leaks. 

Ox plasma derived from defibrinated blood was added to 1/1000 adrenaline 
solution to make up a suitable concentration of adrenaline. The inside of the 
membrane was drained free from water and washed three times with successive 
small quantities of the plasma containing adrenaline, the fluid being drained 
from the sac after each washing. The remaining fluid was introduced into the 
sac and a pressure of 160-180 mm. of mercury applied. The ultrafiltrate obtained 
during the first 15 min. was rejected and the outside of the sac dried with filter- 
paper. During the succeeding 2-2-5 hr. the ultrafiltrate was collected in a 
weighed tube containing a known weight of 2N HCl (less than 0-1 g.) which 
served to stabilize the adrenaline filtered out. After filtration, the period of 
which was maintained constant to obviate the effect of increasing protein con- 
centration in the sac, the tube and contents were again weighed. The rate of 
filtration was usually 1-0-1-3 g. per hr. 

0-5 ml. of the acidified filtrate was brought to a pH of about 6-4 with 5% 
alkaline phosphate, as was a like sample of a suitable adrenaline standard made 
up by diluting 1/1000 adrenaline with water and 2N HCl (0-3 ml. per 10 ml. 
standard). Adrenaline was then determined in 1 ml. of filtrate according to the 
procedure described previously. Knowing the amount of acid originally present 
in the collecting tube, the concentration of adrenaline in the “true filtrate” was 
calculated. The colours developed in the experimental and control samples 
could only be accurately matched if the pH values were the same. Only those 
experiments in which protein was absent from the filtrate are included. In fact, 
in the presence of proteins, no colour match was possible. 


Table IV. Recovery of adrenaline, added to plasma, in 
protein-free ultrafiltrates 


Concentration of adrenaline 


in mg.per ml. 
eo |{U % recovery 
Exp. Plasma Ultrafiltrate of adrenaline 
1 0-05 0-042 84 
2 0-05 0-043 86 
3 0-05 0-044 88 
4 0-1 0-079 79 
5 0-1 0-089 89 
6 0-1 0-077 77 
7 0-1 0-077 77 
8 0-1 0-083 83 
9 0-2 0-172 86 
10 0-2 0-162 81 


Mean 83 
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An ultrafiltrate of the plasma alone gave no colour when oxidized with iodine 
at pH 6-4. 

The results obtained are tabulated in Table IV. 

Table IV shows that 83% (+6%) of the adrenaline is ultrafiltrable within 
the concentration range 0-05-0-2 mg. per ml. The loss (17 %) might be accounted 
for by oxidation or combination of adrenaline with the plasma proteins. 


Effect of glycine and guanidine 
Wiltshire [1931] has shown that glycine, amongst other amino-acids, protects 
adrenaline from oxidation and that the protein-free ultrafiltrates of plasma and 
serum act similarly. Burns & Secker [1936] have demonstrated a similar pro- 
perty for guanidine. The effect of incorporating these two substances in con- 
centrations of 2 per ml. in the plasma is shown in Table V. 


Table V. Effects of glycine and guanidine on the recovery of adrenaline, 
added to plasma, in protein-free ultrafiltrates 


Concentration of adrenaline 


in mg. per ml. Protective 
0" agent % recovery 
Exp. Plasma Ultrafiltrate (2 y/ml.) of adrenaline 
1 0-1 0-076 Guanidine 76 
2 0-2 0-168 - 84 
3 0-1 0-087 Glycine 87 
4 0-2 0-162 “ 81 


Mean 82 


The results show that the substances tried exerted no protective action in 
addition to that already exercised by the plasma. 

Other experiments were carried out in which solutions of adrenaline in plasma 
were allowed to stand in open test-tubes for periods up to 4 hr. before ultra- 
filtration, the duration of which was kept constant at 2-5 hr. The recovery of 
adrenaline was unchanged as shown in Table VI. 


Table VI. Effect of atmospheric oxygen on the recovery of adrenaline, added 
to plasma, in protein-free ultrafiltrates 


Concentration of adrenaline 


in mg. per ml. Duration of 

a standing % recovery 

Exp. Plasma Ultrafiltrate in hr. of adrenaline 
1 0-1 0-08 1 80 
2 0-05 0-039 2 78 
3 0-1 0-085 3 85 
4 0-1 0-078 + 18 
Mean 80 


Quantitative recovery of adrenaline added to plasma 


2N hydrochloric acid (1 ml.) was thoroughly mixed with plasma (14 ml.): 
1/1000 adrenaline solution was added to the acidified plasma to give concen- 
trations of adrenaline varying from 0-05 to 0-2 mg. per ml. and the ultrafiltration 
carried out as before except that the ultrafiltrate (which had a pH below 6) 
was not collected in acid. The determination of adrenaline in the filtrate was 
carried out as before. Some experiments were performed in which 0-6 ml. of 
2N HCl was used to acidify 14-4 ml. of plasma but the results indicate (Table VII) 
that the larger amount of acid gives the more consistent recoveries of adrenaline. 
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Table VII. Recovery of adrenaline from solutions of adrenaline 
in plasma acidified with HCl 


Concentration of adrenaline 


in mg. per ml. 

nen Ratio 2N HCl % recovery 

Exp. Plasma Ultrafiltrate to plasma of adrenaline 
1 0-05 0-053 0-6: 14-4 106 
2 0-05 0-052 0-6 : 14-4 104 
3 0-1 0-101 0-6: 14-4 101 
4 0-1 0-098 0-6 : 14-4 98 
5 0-2 0-184 0-6 : 14-4 92 
6 0-2 0-212 0-6 : 14-4 106 
7 0-2 0-194 0-6 : 14-4 97 
8 0-1 0-113 1-0: 14-0 113 
9 0-2 0-214 10: 14:0 107 
10 0-05 0-055 1-0: 14-0 110 
1] 0-1 0-107 1-0: 14-0 107 
12 0-2 0-218 1-0 : 14-0 109 
13 0-05 0-056 1-0: 14-0 112 


Mean of 8-13 110 


Control 


2N HCl (1 ml.) was thoroughly mixed with plasma (14 ml.). To this solution 
(14-25 ml.) was added water (0-75 ml.) and the solution was ultrafiltered. (a) The 
ultrafiltrate gave no colour with iodine followed by sodium thiosulphate at 
pH 6-4. (b) 1 ml. of a standard solution of adrenaline, containing 0-1 mg. of 
the drug per ml., was introduced into each of two colorimeter cups. To one was 
added 1 ml. of the filtrate; to the other, 1 ml. of water. The adrenaline present 
was oxidized as usual after adjusting the pH of each solution to 6-4. The 
adrenaline contents of both solutions were identical which indicated that the 
filtrate alone of acidified plasma contributed nothing to the recovery of adrena- 
line in the experiments described in Table VII. 

Any destruction of adrenaline which occurred in the course of manipulation 
might have led to the presence of nearly related oxidation products, which might 
conceivably have given rise to the same pink colour with iodine as did adrenaline. 
This source of error was negligible for (a) it has been shown by the rabbit intestine 
method [ef. Wiltshire, 1931] that plasma and serum protect adrenaline from 
oxidation, and (6) solutions of adrenaline at distinctly acid pH values are 
stable. The period during which the drug was not stabilized under one or other 
of the above conditions was less than 30sec. and no appreciable amount of 
oxidation would be expected to occur in that time. 

Greenberg & Gunther [1930] have measured the ratio of the concentration 
of the chloride ion in the ultrafiltrate of serum to its concentration in serum and 
find a value very near to that (1-11: 1) obtained by Loeb & Nichols [1927] in 
membrane distribution experiments. They regard sodium chloride as a completely 
ultrafiltrable substance ; the higher concentrations of chloride in the ultrafiltrate 
than in the serum can be accounted for on the basis of the Donnan equilibrium 
theory as applied to heterogeneous equilibria. The ratio found for the concen- 
tration of adrenaline in the ultrafiltrate to that in the acidified plasma was 
1-10 : 1 (Table VII), which suggested that under the conditions of the experiment 
the adrenaline was completely ultrafiltrable. When solutions of adrenaline in 
plasma were ultrafiltered, the concentration of the drug in the ultrafiltrate was 
0-83 times that in the plasma (Table IV). The results may be interpreted as 
evidence of a loose combination between adrenaline and plasma proteins which 
is broken up completely when sufficient acid is added. 
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For the purpose of the present experiments it may be taken as an experi- 
mental observation that a constant recovery of 110% (average) of adrenaline is 
achieved by ultrafiltering plasma containing adrenaline under the conditions 
described above. That is, in any given ultrafiltrate of sufficiently acidified plasma, 
the concentration of adrenaline multiplied by 0-91 gives the concentration of 
adrenaline in the original plasma within about 4%. 


SUMMARY 


1. The influence of pH on the determination of adrenaline by the iodine 
method has been studied. 

2. Recoveries of no more than 61 % of adrenaline added to plasma (0-1 mg. 
per ml.) were achieved when the solutions were deproteinized with trichloro- 
acetic acid. 

3. About 83 % (77-89 %) of adrenaline added to plasma (0-05-0-2 mg. per ml.) 
was recovered in the ultrafiltrate. The loss was not due to oxidation because 
(a) glycine and guanidine, and (b) allowing the solutions of adrenaline in plasma 
to stand in air up to 4 hr., did not alter the yield in the ultrafiltrate. 

4. The ultrafiltrates of solutions of adrenaline in plasma to which acid had 
been added contained 1-10 times (+4%%) the concentration of the drug in the 
plasma. 


I am indebted to Prof. H. Hartridge for his criticism of this paper and to 
the Asthma Research Council for a grant for expenses. 
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In a previous paper [Buston, 1935] some observations were recorded concerning 
certain of the changes taking place in the cell-wall constituents of the pods of 
runner beans during their growth and ripening. Evidence was given that during 
the final stages of ripening there was a loss of ‘‘hemicellulose”’ (i.e. the fraction 
recoverable from the extract obtained by the action of cold 4% sodium hy- 
droxide), and also that the nature of the hemicellulose itself was modified, there 
being an increase of pentosan both relatively to hexosan and in terms of weight 
of pentosan per 100 pods. 

This observation led to the question of the origin of the extra pentosan— 
whether it was additional material entering the pods from the actively synthe- 
sizing parts of the plant, or was derived from material such as the hexosan already 
in the pods. As is well known the suggestion has been made repeatedly that 
pentosans may arise from hexosans by a process combining mild oxidation (of 
the primary alcohol groups) and decarboxylation of the urone groups so formed. 
Much circumstantial evidence has been put forward in support of this theory, 
but little or no direct experimental work has been done to test its truth. 

In an attempt to throw light on this point, experiments were carried out in 
which the entry of fresh material into the pods during the final stages of ripening 
was minimized by removing all leaves from the plants at the time when the 
pods had reached their maximum size but were still green and fleshy. In other 
experiments fully grown green pods were removed from the plants and allowed 
to dry slowly in air. Comparative analyses were made of the pods so treated, 
and of pods from “control” plants allowed to mature in the normal manner. 

It was further hoped, in the course of these experiments, to test the sug- 
gestion of Schulze & Pfenniger [1910] that a transference of hemicellulose from 
the pod to the enclosed seeds took place during the final stages of ripening. It 
was not possible to decide this point, since the increase in hemicellulose in the 
seeds is some fifty times as great as the simultaneous decrease in the hemi- 
cellulose of the pods, any transfer from pod to seed therefore being insignificant 
in comparison with, and masked by, the amount of newly formed carbohydrate 
arriving from other parts of the plant. Where the attempt was made to restrict 
the arrival of fresh carbohydrate (by removal of leaves) there was actually a 
small loss of hemicellulose from the seeds also. 







































EXPERIMENTAL 


The beans used were the dwarf-growing runner variety “Little Gem” as 
used in the previous experiments and they were grown under ordinary con- 
ditions at the Chelsea Physic Garden. When a crop of beans had reached full 
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size (late in August) any very old pods showing signs of becoming dry were 
removed, and also all the small undeveloped pods and flowers, thus leaving as 
uniform a sample as possible on the plants. Three batches of 50 pods were picked 
and analysed immediately. On the control plants, the pods were allowed to 
ripen normally, but any further flowering was prevented ; in 3-4 weeks the pods 
had become quite brown and dry, and were then picked (in batches of 50) and 
examined. From other plants, all leaves were removed, leaving only the fully 
grown green pods; again in 3-4 weeks these had become brown and dry, although 
in this case the seeds had not grown as in the controls. Batches of 50 of these 
pods were picked on the same day as the controls, and treated similarly. Finally 
(in the 1935 series only), fully grown pods were picked and allowed to dry in the 
air for the 3-4-week period. 

Treatment of the pods, when dry, followed the lines indicated in the previous 
paper [1935], extraction of the hemicelluloses and estimations of urone, furfur- 
aldehyde etc. being made in the usual manner. The results are given in Table I. 

Attempts were made also to follow carbohydrate changes in the seeds, in 
view of the suggestion of Schulze & Pfenniger recorded above, but these were 
not successful. Difficulty was experienced in handling the alkaline extracts, 
which were of colloidal nature and were contaminated with much protein. The 
amount of pentosan was much lower than in the pods, as would perhaps be 
expected in a storage tissue, and a small increase was noted in the fully ripe 
seeds. 

Table I. Pods of Phaseolus: Hemicellulose, pentosan, urone, hexosan 


g. per 100 pods 
Year Batch ... A B Cc D 
1933 (H. W. B.) Total hemicellulose 9-17 7-60 — — 
Pentosan 2-75 3-86 -- — 
Urone 1-03 0-96 = _- 
Hexosan 5-39 2-78 ~- — 
1935 (A. A. H.) Total hemicellulose 8-80 8-40 5-60 6-50 
Pentosan 2-45 3-45 3-25 3-62 
Urone 0-95 0-85 0-85 0-95 
Hexosan 5-40 4-10 1-50 1-90 
1936 (H. W. B.) Total hemicellulose 9-22 6-06 5-78 = 
Pentosan 2-19 2-85 3-01 — 
Urone 0-57 0-41 0-38 a 
Hexosan 6-46 2-80 2:39 — 


Batch A. Pods fully grown, picked while green. 

Batch B. Pods allowed to ripen normally on plants. 

Batch C. Pods from “‘defoliated”’ plants. 

Batch D. Pods detached, allowed to dry in air. 

Batches A and D picked, plants for batch C stripped: 1935, 6 Sept.; 1936, 26 Aug. 
Batches B and C picked, batch D analysed: 1935, 26 Sept.; 1936, 1 Oct. 


(The figures in the above table are based upon the average of at least three determinations.) 


Discussion 


As was indicated in the previous paper, there is a definite decrease in the 
total hemicellulose of the bean pod during the final stages of ripening, and this 
is rather more marked when photosynthesis in the plant is reduced to a minimum 
by removal of leaves. That the decrease is greater in such defoliated plants 
suggests that there is, normally, some transfer of carbohydrate from the leaves 
to the pods even at the end of the period of ripening. In each case also there is 
an increase of pentosan, both in relation to hexosan and in terms of weight per 
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100 pods. This increase is of approximately the same order in normal and de- 
foliated plants, but the simultaneous decrease of hexosan is considerably greater 
in the latter, probably because the supply of hexosan is not being replenished 
from the leaves. If the pentosan found in the pods enters (as pentose, or water- 
soluble pentosan) from other parts of the plant it is unlikely that when photo- 
synthesis is severely restricted there will still be as much entering as in the 
normal plant. The additional pentosan therefore is more likely to have been 
formed in situ from other constituents of the pods, already present. From the 
single experiment performed, the greatest increase of pentosan takes place in 
pods detached from the plant; here there can have been no fresh arrival of either 
hexose or pentose, and the pentosan must have arisen from material already 
present. The hexosans, which are evidently of labile nature, would seem to be 
the most likely precursors. 
SUMMARY 


The hemicellulose constituents of the pods of runner beans decrease during 
the final stages of ripening of the seeds, the decrease being most marked in the 
hexosans. The pentosan content, in terms of weight per 100 pods, increases 
during this period, both in normal ripening and in plants where photosynthesis 
is restricted by removal of leaves. There is some evidence of conversion of 
hexosan into pentosan, especially during the drying of pods detached from the 


plant. 
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WHILE the striking effect of dietary choline in preventing fat deposition in the 
liver or causing the removal of accumulated fat from that organ has been amply 
demonstrated in a variety of conditions, the mode of action of this compound 
has yet to be determined. The most obvious explanation is that the presence of 
choline in the diet enables lecithin synthesis to occur and that this phosphatide 
is necessary for fat transport from the liver as suggested by the desaturation 
hypothesis of Leathes. Since choline is a common constituent of cells, mainly 
in the form of lecithin, study of the method by which dietary choline exercises 
its effects is obviously difficult. If the lecithin hypothesis were correct, it is 
possible that any base having a choline-like action on liver fat would be incor- 
porated in a new phosphatide molecule in which it had replaced choline. Such 
a finding would provide a ready means of investigating the control of liver fat 
by choline. Accordingly, we have studied a number of analogues of choline in 
the hope of finding one which had an action on liver fat like that of choline and 
which at the same time could be identified in the tissues by isolation of a 
suitable chemical derivative separable from that of choline. Two of these, 
homocholine and triethyl-8-hydroxyethylammonium hydroxide! were found to 
be active [Channon & Smith, 1936; Channon e¢ al. 1937]. While the former has 
an action greater than that of choline, it has not been found possible to separate 
it from choline; the latter, however, which has about 70% of the activity of 
choline, can be isolated as the chloroaurate. This compound has accordingly 
been administered to animals and its presence sought in the liver phosphatides. 


EXPERIMENTAL 


As a preliminary to investigating the livers of animals which had received 
triethyl choline in their diet, a series of experiments was carried out to determine, 
first, the proportion of this base which could be detected in the presence of 
choline, and secondly, whether it was affected by the procedure necessary for 
its isolation from the mixed phosphatides. 

Accordingly samples of the chloroaurates of the two bases were prepared 
and their melting-points and solubilities in water determined. From the data 
so obtained (choline chloroaurate M.P. 262—265°, solubility 0-94°% at 0°, Au 
44-5%; triethyl choline chloroaurate M.P. 225°, solubility 0-32% at 0°, Au 
40-6 %) and experiments on their separation by crystallization, it was easy to 
show the presence of 1 part of triethyl choline in the presence of as much as 
4 parts of choline. Thus from a mixture of the chloroaurates prepared from 
50 mg. of each of the bases, there was obtained a fraction M.P. 225°, Au 40-5%,. 

1 For brevity this compound will be referred to as “triethyl choline”. 
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Similarly the chloroaurates obtained from 25 mg. triethyl choline and 100 mg. 
choline yielded a fraction having M.P. 227° and Au 40-7%. Attempts to apply 
this separation to mixtures of which triethyl choline constituted less than 20% 
were, however, less successful. Typical of these experiments was one in which 
10 mg. of the compound with 90 mg. choline yielded finally a chloroaurate 
fraction, M.P. 235°. These results indicate that while evidence of less than 20% 
of triethyl choline may be obtained from the m.P. of the chloroaurates, certain 
proof of its presence cannot be obtained. 

Having established these facts with the pure compounds, triethyl choline 
was added to phosphatide mixtures, and the effectiveness of the separation 
investigated in the more elaborate procedure necessary for isolating the bases. 
The phosphatide mixtures were hydrolysed with 5°% H,SO, and the fatty acids 
extracted with ether. The aqueous mother-liquor was then neutralized with 
baryta and BaSO, removed by centrifuging. Cholamine was precipitated by 
adding slight excess of mercuric acetate in faintly alkaline 20 % solution, followed 
by alcohol, the mixture being then kept overnight. The precipitate was filtered, 
and the alcohol evaporated from the mother-liquor. After concentration and 
removal of the precipitated inorganic salts, excess of gold chloride was added at 
0°, the low temperature being essential on account of the presence of some 
reducing compound, possibly a sugar residue derived from sphingomyelin or 
contaminating cerebroside. Two experiments were carried out in this way. In 
the first, 50 mg. of triethyl choline were added to 1-41 g. of crude liver phos- 
phatide and 260 mg. of crude chloroaurate were obtained. On recrystallization, 
the least soluble fraction, 100 mg., had M.p. 224-7°, Au 41-39%. This showed a 
50% recovery of the added base in the presence of three times the amount of 
choline. In the second experiment, 50 mg. of triethyl choline were added to 
2-6g.0f phosphatide. On recrystallization of the 330 mg. of chloroaurate obtained, 
the final fraction had m.P. 221°. These results show that triethyl choline is un- 
affected by the method of hydrolysis and separation and support the previous 
results with the pure compounds as to the amount which can be detected if 
present in the phosphatides. In the animal experiments, groups each of about 
20 rats were used. Such groups yield rather more than 100 g. liver containing 
about 3-5°% phosphatide, and 250-300 mg. choline, considerably more material 
than was used in the trial experiments. 

Exp. 1. Three groups received a basal diet consisting of beef dripping 40, 
glucose 45, casein (alcohol-extracted) 5, salt mixture 5, marmite 5 parts with 
1 drop of cod liver oil per animal every 3 days. One group served as the control, 
while the second and third groups received, in addition to the basal diet, supple- 
ments of choline and triethyl choline respectively, incorporated in the diets as 
aqueous solutions of the chlorides over a period of 20 days. The relevant data 
concerning the animal side of the experiment are recorded in Table I. 


Table I 
Food Base 


Final intake intake Liver 
No.of body wt. %lossin g.perrat mg.perrat % body 
Group rats g. body wt. perday per day wt. 
Control 20 172 6-0 7:8 — 3-88 
Control + choline 17 164 5-7 8-0 2- 4-01 
Control + triethyl choline 18 150 12-3 6-4 5 4-25 


In the light of our previous experience, the comparable weight losses and 
food intakes of the different groups are regarded as satisfactory. The pooled 
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livers were ground with sand, the lipoids extracted by alcohol and ether and 
analysed as previously described [Best et al. 1934] with the results recorded in 
Table II. In this table, the glyceride and phosphatide contents of the livers 


Table II. The liver lipoids of rats receiving choline and triethyl choline 
% fresh liver wt. g. per liver of 100 g. rat 


Group Glyceride Lecithin Total Glyceride Lecithin Total 
Control 12-3 2-84 15-14 0-477 0-111 0-588 
Control + choline 4-7 3-11 7-81 0-190 0-124 0-314 
Control + triethyl choline 4:8 2-79 7-59 0-204 0-119 0-323 


only are recorded, since these alone are relevant to the discussion. While the 
glyceride in the control group, 12:3%, is some 8 units lower than is usually 
encountered with this particular diet, the effects of choline and triethyl choline 
are clearly seen, for each has prevented an increase of some 8 units % and 
reduced the weight of glyceride in the liver by 60 % of the control value. It is to 
be noted that in this experiment triethyl choline has been as effective as choline, 
although Channon & Smith [1936] found its activity in most of their experiments 
to be rather less. After completion of the analyses recorded in Table II, the 
phosphatide fractions were precipitated from the remainder of the ethereal 
solutions of the total lipoid by acetone (4 vol.), redissolved in ether and 
reprecipitated. 

The phosphatides so obtained, 4-09, 4-07 and 3-10 g. in the control, choline 
and triethyl choline groups respectively, were then hydrolysed and the cholamine 
separated. The crude chloroaurates were precipitated as previously described, 
the yields being 0-434, 0-492 and 0-415 g. These crude chloroaurates from the 
three groups were recrystallized and their gold contents determined. All of 
them had m.P. 262° and the gold content was the same 44-3-44-4°% Au (choline 
chloroaurate has M.P. 262-265°, Au 445%). The compounds from the control 
and choline groups were next recrystallized three times more and that from the 
triethyl group four times more. There was no significant change in any of the 
final fractions (control group M.P. 264°, Au 44-2%: choline group M.P. 264°, 
Au 44-2 %; triethyl group M.P. 264°, Au 44-3%). The absence of triethyl choline 
chloroaurate was thus established. 

Exp. 2. This was a repetition of the first experiment except that the basal 
diet was one designed to produce “cholesterol” fatty livers. It consisted of beef 
dripping 30, glucose 52, casein (alcohol-extracted) 5, salt mixture 5, marmite 5, 
cholesterol 2, cod liver oil 1. All the data and the complete analyses of the livers 
of these three groups of animals have already been presented in another con- 
nexion [Channon et al. 1937] and will not be discussed here. The only relevant 
facts which need mention are that the weight losses of animals were satisfactory, 
and that the percentages of glyceride in the livers of the control, choline and 
triethyl choline groups were 21-7, 6-6 and 11-3% respectively, while the actual 
weights of glyceride in the liver of the 100 g. rat were 1-02, 0-24 and 0-43 g. 
Further, the average daily intakes of choline and triethyl choline in the two 
latter groups were 14-9 and 20-6 mg. per rat per day respectively. After com- 
pletion of the routine analysis, the remainder of the lipoid material was pre- 
cipitated from ether by acetone and treated as in Exp. 1 for the preparation of 
the chloroaurates of the phosphatide bases. The full details regarding the 
yields of these compounds in the different groups and their subsequent recrystal- 
lization are recorded in Table III. 
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Table III. Data concerning the chloroaurates of the bases obtained from the 
liver phosphatides 


After two further recrystallizations 
AN . 





Wt. of M.P. c 
Wt. of crude _ after one Wt. of 
phosphatide chloro- _crystalli- Wt. final Au 


hydrolysed aurates zation taken products M.P. content 
° ° 0 


Group mg. C. mg. mg. “¢. 0 
Control 4:38 475 255 300 60 263 44:30 
Control + choline 3-48 410 253 285 35 262 44-39 
Control + triethyl 3-70 400 261 200 62 262 44-46 

choline 


The possibility that a phosphatide containing triethyl choline might be soluble 
in acetone and so escape precipitation with the other phosphatides was then 
considered. The material obtained by evaporation of the ether-acetone mother- 
liquors to dryness was therefore hydrolysed by boiling with 5% H,SO, for 
5-6 hr. The mixture was extracted exhaustively with ether to remove fatty acids, 
unsaponifiable matter and unhydrolysed glycerides, and N was then determined 
in the aqueous mother-liquor. The similar and small amounts of N found, 
15-1, 12-6 and 14-7 mg. in the control, choline and triethyl choline groups 
respectively, made it appear unlikely that any triethyl choline was present in 
the mother-liquors from the livers of the animals which received this base. In 
confirmation, however, the three aqueous residues were treated exactly as 
described already, but in no case was a precipitate obtained with gold chloride. 
These small amounts of N must therefore have been derived from nitrogenous 
substances contaminating the phosphatides and extracted with them from the 
livers, an occurrence frequently reported with crude phosphatide preparations. 
As a further precaution, N determinations were carried out on the ether-soluble 
fractions obtained after the acid hydrolysis, but even when quantities as large as 
0-5 g. were used, the results were negative. The acetone-ether-soluble fraction of 
the lipoids of the triethyl groups was thus shown to contain no triethyl choline. 


DIscUSSION 


In both experiments, the recrystallized chloroaurates from the control, 
choline and triethyl choline groups had the melting-point of the choline com- 
pound and gave no depression when mixed with the pure compound. It was 
shown earlier that it was possible to identify triethyl choline with certainty if 
it constituted 20 % of a mixture with choline. Further, when smaller proportions 
were present, the melting-points of the least soluble fractions of the chloroaurates 
were always depressed well below that of the choline compound. The fact that 
in both experiments the compounds obtained from the triethyl and choline 
groups had the melting-point of choline chloroaurate shows clearly that the 
triethyl compound, though ingested in considerable amounts (total intake 4:35 
and 7-83 g. in Exps. 1 and 2 respectively), does not constitute any notable 
proportion of the phosphatide bases, being present in traces, if at all. 

An ingenious attempt to throw light on the same problem has been made by 
Welch [1936] who supplemented a high fat diet with the arsenic analogue of 
choline which he found ‘‘approximately as effective as choline chloride” in 
preventing the development of fatty livers in rats. On spectrographic examina- 
tion the purified lecithins prepared from the livers and brains of the animals 
which had received arsenocholine showed strong arsenic lines while those 
from ‘control’ animals gave no such lines. This result indicates that the 
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preventive action of arsenocholine on liver fat deposition may well be by 
“lecithin” formation. Confirmation by the isolation and identification of the 
arsenocholine as a constituent of a phosphatide molecule is however desirable 
because of the extreme delicacy of the spectrographic method and of the 
difficulty of controlling such an experiment. It does not appear for instance from 
the preliminary report available that the control groups received any arsenic 
compounds and hence these interesting results must be accepted with reserve 
until a more complete account is available. 

Our failure to detect the presence of triethyl choline in the liver phosphatide 
is not surprising perhaps in view of results obtained by us on many occasions 
when choline feeding has been found to have no effect on the amount of the 
liver phosphatide. In the present work the weights of phosphatide in the livers 
are, in Exp. 1, 109, 117 and 104 mg. and in Exp. 2, 117, 84 and 112 mg. per 
100 g. rat respectively for the control, choline and triethyl choline groups. Save 
for the choline group in Exp. 2 none of these variations can be considered 
significant, and with this at present unexplained exception and a few other 
isolated examples among a very large number of observations accumulated in 
this laboratory, it has been found that in general the absolute weight of liver 
phosphatide (calculated as lecithin from the ether-soluble P) is independent of 
the dietary choline and the degree of fatty infiltration, though naturally its 
percentage falls with increasing fat deposition. However, while the weight of 
phosphatide thus shows no change the possibility remains that the proportion of 
lecithin present in it is greater in animals receiving choline. So far as we are 
aware the only recorded results on this aspect of the problem are those of Best 
et al. [1934] and the further results of work in this laboratory are too few to 
merit discussion of the subject at the present time. 

In view of the relative constancy of the amount of the liver phosphatide and 
the apparent inability of its contained choline to exert any lipotropic action, 
however intense the degree of fat infiltration, it is important to consider 
quantitatively the efficiency of dietary supplements of choline in this respect. 
This matter will be discussed in detail later; meanwhile it is worthy of mention 
here that, even at the lowest dosages when the effect is greatest, 1 mg. of choline 
per day can only prevent the deposition of about 30 mg. of fat per day in the liver 
of the 100 g. rat. This relatively low degree of activity appears to imply a chemical 
utilization. A considerable volume of recent research, particularly the work of 
Sinclair and of Artom, seems definitely to establish the active role of phosphatides 
in fat metabolism. (The most recent papers of many published on this subject 
by these authors are Sinclair [1936] and Artom et al. [1937], from which references 
to the earlier work may be obtained.) It is a particularly attractive hypothesis, 
therefore, that choline should exercise its action by enabling lecithin synthesis 
to occur. Save for the results of Welch mentioned earlier, however, there seems 
to us to be little evidence in support of this hypothesis: yet it must be emphasized 
that our failure in the present work to find triethyl choline in the liver phos- 
phatides does not disprove the lecithin hypothesis. Any lecithin formed might 
pass into the blood without accumulation in the liver. 


SUMMARY 


1. Evidence has been sought on the problem as to whether the preventive 
action of choline on liver fat deposition is exercised through lecithin formation. 
2. Triethyl-8-hydroxyethylammonium hydroxide which has an effect on 


liver fat similar to that of choline was used for this purpose. This compound can 
be separated from choline because of the lower solubility of its chloroaurate. 














2186 H. J. CHANNON AND OTHERS 


3. A control group of animals received a “fat” fatty liver-producing diet 
while other groups received the same diet with the addition of either choline or 
triethyl-8-hydroxyethylammonium hydroxide. 

4. The phosphatides were prepared from the livers and the bases obtained 
by hydrolysis. After removal of cholamine, the chloroaurates were prepared 
and fractionally crystallized. 

5. No evidence was obtained of the presence of triethyl-8-hydroxyethyl- 
ammonium hydroxide in the livers of the animals receiving this base, even 
though the liver fat had been markedly decreased. 

6. A second experiment was carried out on the “cholesterol” fatty liver with 
the same result. 

7. The lecithin hypothesis is discussed. 


The expenses of this research were defrayed by a grant from the Medical 
Research Council, to whom we wish to express our thanks. 
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MAMMALIAN liver and other organs contain an enzyme which catalyses the 
oxidation of adrenaline. By testing the ability of this enzyme to oxidize other 
amines of similar constitution it was found that certain groups in the adrenaline 
molecule, namely (a) the hydroxyl group in the side chain, (6) the phenolic 
hydroxyl groups and (c) the N-methyl group, were not essential for the oxidation 
to take place [Blaschko e¢ al. 1937, 1, 2]. This suggested that the enzyme might 
be identical with the tyramine oxidase described by Hare [1928]. Their identity 
became still more probable when it was found that the reactions catalysed by 
these enzymes are chemically very similar, being in each case an oxidative 


Po 
HO, nee, ( pa 
HO) | HO 
a. mage 
Se at 
Adrenaline Tyramine 


deamination in the side chain [Richter, 1937]; but Hare’s statement that adren- 
aline is not oxidized by tyramine oxidase made it appear that the adrenaline 
oxidase and tyramine oxidase must be two distinct enzymes. 

Other enzymes which catalyse the oxidation of amino-compounds are also 
known and five such systems are described in the literature: 


(1) Adrenaline oxidase [Blaschko et al. 1937, 1]. 

(2) Tyramine oxidase [Hare, 1928]. 

(3) Aliphatic amine oxidase [Pugh & Quastel, 1937]. 
(4) Histaminase [Best & McHenry, 1930]. 

(5) Amino-acid oxidase [Krebs, 1933]. 


The question of whether these systems are all distinct and separate from each 
other has not been fully investigated. The work of Best & McHenry [1930] and 
others leaves little doubt that histaminase is different from the systems (1), (2) 
and (5) as it is strongly inhibited by cyanide. Hare [1928] concluded that the 
tyramine oxidase was different from the amino-acid oxidase since her prepara- 
tions did not oxidize tyrosine or phenylalanine. Pugh & Quastel [1937] showed 
that the aliphatic amine oxidase is distinct from the amino-acid oxidase since 
the former but not the latter enzyme is present in brain. The choline oxidase 
recently described by Mann & Quastel [1937] and Bernheim & Webster [1937] 
is clearly not in the same category since it is the alcohol group and not the 
amino-group of the choline molecule that is attacked. 

1 Beit Memorial Research Fellow. 


( 2187 ) 











2188 H. BLASCHKO, D. RICHTER AND H. SCHLOSSMANN 


In the present paper it is shown that the first three systems, (1), (2) and (3), 
are similar in every property that has been investigated, and it is therefore 
suggested that they represent one enzyme which may be called ‘‘amine oxidase” 
which catalyses the oxidative deamination of a large number of different types 
of amines and which can be shown to be distinct from both histaminase and 
amino-acid oxidase. 

These conclusions are based on the following series of experiments: 

(1) Investigation of the distribution of the amine oxidases by testing 
preparations from different sources with representative substrates of each 
enzyme. 

(2) Investigation of the action of inhibitors on the oxidation of different 
substrates. 

(3) Competition experiments with mixed substrates. 


DISTRIBUTION OF AMINE OXIDASES 


The adrenaline oxidase was previously shown to occur in mammalian liver, 
intestine and kidney [Blaschko et al. 1937, 1]. The distribution of the tyramine 
oxidase and the aliphatic amine oxidase have not hitherto been systematically 
studied ; the former was known to occur in liver and kidney, the latter in liver, 
kidney and brain. 

In the present investigation a number of amine oxidase preparations from 
different sources have been examined by testing their ability to oxidize a series 
of amines and amino-compounds of different types. As substrates of the 
adrenaline oxidase /-adrenaline and /-p-sympatol were taken; for the tyramine 
oxidase tyramine and f-phenylethylamine; for the aliphatic amine oxidase 
heptylamine and isoamylamine ; as substrates of the amino-acid oxidase dl-alanine 
and dl-methionine. The oxidations were carried out in the presence of 10-* M 
cyanide which inhibits histaminase. The cyanide further protects the adrenaline 
from autoxidation or oxidation by the cytochrome oxidase system in the prepara- 
tions [Green & Richter, 1937]. 


Amine oxidase in mammalian tissues 


The enzyme preparations were made by grinding the tissue for 20 min. with 
sand, adding 1 vol. of M/15 phosphate buffer pH 7-3 and centrifuging. With 
brain, lung and intestine the supernatant solution was then made up to 2 vol. 
with buffer and used directly. With liver and kidney the extracts were further 
purified by dialysis. Sufficient M buffer was then added to make the solution 
M/15 with respect to phosphate before diluting to 2 vol. For the intestine 
preparations the intestine was first slit open down its length, washed with water, 
and allowed to stand for 10-20 min. in 0-01% hydroxyquinoline solution in 
order to destroy bacteria. The experiments were carried out with the Warburg 
apparatus. Each vessel contained 1-9 ml. enzyme solution, 0-1 ml. M/50 HCN 
and 0-2 ml. M/4 amine hydrochloride solution. This concentration of amine 
was sufficient to saturate the enzyme in the case of adrenaline and tyramine, and 
probably also for the other amines. 

The results shown in Table I are representative of a number of experiments 
which were carried out with amine oxidase preparations obtained from different 
mammalian tissues. The figures give the increase in oxygen uptake in the course 
of 1 hr. in the presence of the added amine: the oxygen uptake of the enzyme 
preparation alone under the same conditions is also given. Histamine was 
oxidized slowly or not at all by these preparations in the presence of 10-* M 
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Table I 
Oxygen uptake (yl.) in 1 hr. at 37° in excess of that given by the enzyme preparation alone 
Guinea-pig Rat Pig 
c sain Y : f ; 
Substrate Liver Intestine Brain Kidney Liver Kidney Lung Liver Brain 
Sympatol 202 131 14 45 63 6 16 57 7 
Adrenaline 264 170 25 76 105 (65) 35 50 14 
Tyramine 462 306 73 135 252 37 84 126 29 
Phenylethyl- 66 29 1 15 24 8 8 20 2 
amine 
Heptylamine 35 12 1 13 6 1 11 15 0 
isoAmylamine 228 85 44 56 92 12 42 119 29 
Histamine 0 0 a 0 2 0 7 -- 2 
Methionine 30 4 — 10 66 168 1 — 8 
Alanine 26 + —- 13 83 246 6 — 2 
Preparation 22 29 15 3 47 23 20 7 3 
alone 


cyanide. The rate of oxidation of the amino-acids varied widely, showing the 
amino-acid oxidase to be present in some but not all of the preparations, and 
showing clearly that this enzyme is distinct from the amine oxidases. The 
three systems, adrenaline oxidase, tyramine oxidase and aliphatic amine 
oxidase, on the other hand, were found invariably to occur together. Some 
agreement can further be observed in the relative rates at which these three 
sets of amines were oxidized by the different preparations. The values for 
adrenaline were in general less reproducible than for the other amines; when 
the solution was strongly coloured at the end of the experiment, showing con- 
siderable autoxidation to have occurred, the figures obtained are given in 
brackets. 
Amine oxidases in vertebrates 


Amine oxidase preparations obtained from a number of other vertebrates 
were tested in a similar manner. The figures shown in Table II, which include 


Table IT 


Oxygen uptake (yl.) in 1 hr. at 37° in excess of that taken up by the enzyme preparation 
alone. 10-* M HCN. Conditions as previously described. 





Pigeon Tortoise Frog Trout 
& me c . ~ A i c 45. ‘ 
Substrate Intestine Liver Intestine Liver Intestine Liver Intestine Liver 

Sympatol 36 33 172 83 7 31 11 12 
Adrenaline 43 67 202 125 7 23 14 11 
Tyramine 75 155 274 296 2 167 55 30 
isoAmylamine 29 99 75 159 2 76 14 18 
Preparation 7 13 22 24 3 15 3 0 


representatives of the birds, reptiles, amphibians and fishes show that these 
enzymes are widely distributed throughout the vertebrates. 

In this series of experiments some agreement can again be observed in the 
relative proportions in which the three amine oxidases are present. 


Amine oxidases in invertebrates 


A number of invertebrates have been tested in a similar manner for amine 
oxidases. Active preparations were obtained from the echinoderms Asterias 
rubens and Echinus esculenti, and from the molluse Patella vulgata. 
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Table ITI 


Oxygen uptake (1.) in 1 hr. in excess of that taken up by the enzyme preparation alone. 
Asterias at 29°; Echinus at 37°; Patella at 25°. 10-? M HCN. Conditions as previously described. 


Asterias 
a 
Hepatic 
caecum Stomach 
2 


(144) 
21 


Substrate 
Sympatol 2 
Adrenaline (35) 
Tyramine 20 
tsoAmylamine 19 15 
Preparation 3 12 


oF 


Gonads 


Echinus 
Patella 
Alimentary —_—_—_—_ 
tract Muscle Viscera 
22 8 ll 
24 10 41 
48 36 85 
145 Z 17 
5 2 25 


In several other organisms the amine oxidase could not be found. These 
observations may be summarized as follows: 


Phylum 
Vertebrata 


Echinoderma 


Species 
All species tested 
Asterias rubens L. 


> 
Echinus esculentus L. 
9° 


Mollusca Patella vulgata L. 


99 
Helix aspersa 
Cancer pagurus L. 


” 


Lumbricus terrestris 
Hirudo medicinalis 


Tealia felina (L.) 


Arthropoda 
Annelida 


Coelenterata 


Actinea equina L. 
Aurelia aurita (L.) 


Nematoda Ascaris lumbricoides var. Suis 


Fungi Agaricus campestris 
Saccharomyces cerevisiae 
Solanum tuberosum 
Ricinus communis 
Nasturtium officinale 
Cichorium intybus 


Phanerogams 


Amines 
tested 


re 


Organs Result 


+ 


Liver ete. 
Hepatic caecum 
Stomach 

Gonads 
Alimentary tract 


Muscle 
Viscera 


++ +444 


Hepatopancreas 
Gills 

Whole animal 
Muscle 
Mesenterium 
Whole animal 
Denser parts 
Whole animal 


Basidium 


Whole cells 
Tuber 


Seeds 
Leaves 


” 


With these organisms the oxygen uptake in 1 hr. at 26° under the conditions 


previously described was 0+5 yl. With Aurelia the more solid parts of the 
animal were selected and the extract used undiluted. With Saccharomyces a 
20% suspension was used. In describing the amines tested T=tyramine, 
I=isoamylamine and S=I-p-sympatol. Except where otherwise stated the 
amines were used as the hydrochlorides. 


ACTION OF INHIBITORS ON AMINE OXIDASES 


The amine oxidases are not inhibited by cyanide. This was known for 
the tyramine oxidase [Hare, 1928] and is true also for the aliphatic amine 
oxidase. On the other hand, all three systems are strongly inhibited by sub- 
stances containing a hydrocarbon chain, such as the higher alcohols (e.g. octyl 
alcohol) or thymol. 





se nen 


oR 
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Competitive inhibitors. l-Ephedrine and other isopropylamine derivatives are 
not oxidized by the amine oxidase preparations, but it can be shown that they 
have a marked affinity for the enzyme since in the presence of ephedrine the 
6xidation of adrenaline, isoamylamine or tyramine is inhibited. The inhibitory 
effect of ephedrine is of the competitive type since the degree of inhibition 
depends on the concentrations of both substrate and inhibitor. The following 
figures show this with isoamylamine as substrate: 


isoAmylamine 0-0025 M 0-0025 M 0-02 M 0-02 M 
l-Ephedrine 0 0-02 M 0 0-02 M 
pl. O, uptake in 6 min. 20 10 28 21 
% inhibition = 50 — 25 


A number of other amines which are not oxidized or which are oxidized only 
slowly show a similar inhibitory effect: in this group are to be included the 
tertiary amines triethylamine, tritsoamylamine and dl-1-hydroxy-2-hydrind- 
amine. 

A number of substances which are slowly oxidized show a relatively high 
affinity for the enzyme, and if added with another substrate decrease its rate of 
oxidation. Hordenine, the N-dimethyl derivative of tyramine, for example, is 
oxidized at about a fifth of the rate of isoamylamine, but the addition of an 
equimolecular amount of hordenine reduces the rate of oxidation of isoamylamine 
to about one-half: 


itsoAmylamine 0-02 M 0 0-02 M 
Hordenine 0 0-02 M 0-02 M 
pl. O, uptake in 15 min. 65 6 36 


l-Ephedrine inhibits the three amine oxidases, but does not inhibit the 
amino-acid oxidase. This is shown for the oxidation of dl-alanine by an amino- 
acid oxidase preparation obtained from pig liver by the method of Krebs [1933]: 


dl- Alanine 0-04 M 0 0-04 M 
l-Ephedrine 0 0-04 M 0-04 M 
pl. O, uptake in 20 min. 28 0 30 


COMPETITION EXPERIMENTS 


If two substrates are oxidized by the same enzyme it is to be expected that the 
rate of oxidation of the two substrates together in saturation concentration will 
be less than the sum of the oxidation rates of each substrate alone. When 
tyramine was added to amine oxidase preparations in saturation concentration 
the further addition of either adrenaline or of isoamylamine did not increase the 
rate of oxidation. 


(a) Competition between tyramine and adrenaline for the amine oxidase of 
guinea-pig liver 


l-Adrenaline 0-0055 M 0-0055 M 0 
Tyramine 0 0-0055 M 0-0055 M 0-011 M 
pl. O, uptake in 7-5 min. 9 23-5 28 29 


(b) Competition between tyramine and isoamylamine 


isoAmylamine 0-04 M 0-04 M 0 0 
Tyramine 0 0-04 M 0-04 M 0-08 M 


pl. O, uptake in 6 min. 49 78 99 90 
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Control experiments were carried out to show that the rate of oxygen uptake 
was not limited by the rate of shaking or by the construction of the manometer 
vessels. That competition between adrenaline and tyramine occurs not only in 
“adrenaline oxidase” preparations but also in preparations of “tyramine 
oxidase” has been confirmed in an experiment made in collaboration with 
Dr H. I. Kohn [1937]. 

In a similar manner the competition between tyramine and tryptamine 
(8-indolethylamine), which is also rapidly oxidized by the amine oxidase, could 
be demonstrated : 


(c) Competition between tyramine and tryptamine 


Tyramine 0-02 M 0 0-02 M 
Tryptamine 0 0-02 M 0-02 M 
pl. O, uptake in 20 min. 59 49-5 52-5 


In pig kidney preparations which will oxidize both amines and amino-acids 
no competition of these two substrates was found: 


Tyramine 0 0:02 M 0-02 M 0-04 M 
dl-Alanine 0-02 M 0-02 M 0 0 
pl, O, uptake in 20 min. 9 52 40 40 


It can be seen that the oxygen uptake in the presence of tyramine and 
alanine together is approximately equal to the sum of the uptakes of each 
substrate alone, although the tyramine is present in saturation concentration. 


SPECIFICITY OF AMINE OXIDASE 


In order to obtain further information as to the different types of amines 
that are oxidized by the amine oxidase a number of different amines have been 
tested with the guinea-pig liver preparation. 

The figures given for the relative rates of oxidation of the substrates 
represent percentages of the rate of oxidation of tyramine under the same 
conditions, i.e. in the course of 1 hr. at 37°. As before, the oxidations were 
carried out in the presence of 10-* M cyanide to prevent autoxidation or oxida- 
tion of the more labile substrates by the cytochrome oxidase system. M/20 
semicarbazide was also added as an aldehyde fixative so that the effects of the 
aldehyde oxidase and mutase could be eliminated. Each Warburg vessel con- 
tained 1-8 ml. enzyme preparation, 0-2 ml. M/4 amine hydrochloride, 0-1 ml. 
M/50 HCN and 0-1 ml. M semicarbazide. Tyramine was taken as the standard 
for comparison as it was the most rapidly oxidized substrate that had been 
found when this work was commenced. For most amines the figures given for 
the relative rates of oxidation are based on only two or three measurements and 
are intended to give only an approximate indication of the relative rates. When 
the rate of oxidation was less than about 10% of that of tyramine it became 
increasingly difficult to be certain whether the observed oxygen uptakes were 
real or due only to experimental error. 

In the description of the tissues tested 1=liver, i=intestine and k=kidney. 
All the amines were used as the hydrochlorides with the exception of hordenine 
sulphate and acetylcholine bromide. A warm supersaturated solution of 
ditsoamylamine was used. The aniline, p-toluidine, ethylaniline and dimetiyl- 
aniline were used in saturated solution. A small amount of the acetylcholine 
was hydrolysed during the experiment by choline esterase present in the 
preparations, but any considerable oxidation of acetylcholine should have been 
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Rela- Rela- 
Tissues tive Tissues tive 
Substrate tested Result rate Substrate tested Result rate 
1. Methylamine Li oa <2 36. Dimethylaniline ss - <2 
2. Ethylamine 4 ~ <2 37. Benzylamine Li + 9 
3. Propylamine = + 7 38. B-Phenylethylamine - + 11 
4. Butylamine = - 54 39. /-Phenylalanine ] - <2 
5. Amylamine ee + 19 40. dl-Alanine i - <2 
6. Heptylamine * + 5 41. l-Methionine - ~ <2 
7. isoPropylamine ‘a - <2 42. Tyramine Li + 100 
8. isoButylamine sg + 9 43. l-Adrenaline = + 65 
9. isoAmylamine 1, k, i + 105 44. d-Adrenaline a + 45 
10. Allylamine 13 = <2 45. l-p-Sympatol ea ~ 48 
11. Dimethylamine ” - <2 46. d-p-Sympatol a ~ —- 
12. Diethylamine ‘- - <2 47. dl-m-Sympatol ] - 59 
13. Dipropylamine pa - <2 48. dl-Arterenol l,i + 51 
14. Dibutylamine a > <2 49. Epinine ie + 125 
15. Diisoamylamine os aad <2 50. Adrenalone ] + 30 
16. Trimethylamine ss ~ <2 51. B-Phenyl-8-hydroxy- _,, - 46 
17. Triethylamine os - <2 ethylamine 
18. Tributylamine “ - <2 52. l-Ephedrine 1, i - <2 
19. Tritsobutylamine a - <2 53. d-Pseudoephedrine l - <2 
20. Triamylamine * - <2 54. dl-Corbasil - ~ <2 
21. Triisoamylamine a = <2 55. Colephrin am - <2 
22. Glycine ester pe - <2 56. dl-Hydroxyhydrind- os - <2 
23. Putrescine * ~ <2 amine 
24. Cadaverine a - <2 57. Hydrastinine fe = — 
25. cycloHexylamine 2 - <9 58. Mescaline = ~ 5 
26. Taurine 99 - <2 59. Tryptamine l,i + 87 
27. Colamine * - <2 60. Histamine ] - <2 
28. Choline $e - <2 61. Hordenine pa + 12 
29. Acetylcholine = - <2 62. Benzedrine l,i ~ <2 
30. yy’y’-Trihydroxytri- a ~ <2 63. Homorenon ] + 16 
propylamine 64. dl-Alkamine l,i ~ 12 
31. d-Ornithine * — <2 65. Dihydroxyphenyl- a + 140 
32. d-Lysine os - <2 ethylamine 
33. Aniline 1 - <2 66. w-Aminoaceto- l + 22 
34. p-Toluidine - - <2 eatechol 
35. Ethylaniline a ~ <2 


observed. In the above list are a few compounds previously tested by Hare 
[1928] and by Pugh & Quastel [1937]. 

From the 66 compounds tested certain conclusions as to the specificity of the 
amine oxidase system can be drawn. Only compounds containing an amino- 
group at the end of a hydrocarbon chain were oxidized. Compounds with a 
substituent on the «-carbon atom, such as isopropylamine, benzedrine, ephedrine 
and the «-amino-acids, were not attacked. In the case of ephedrine this cannot 
be due to lack of affinity for the enzyme since it has been shown that ephedrine 
can act as a competitive inhibitor. 

Compounds such as methylamine and ethylamine with no pronounced 
hydrocarbon chain were oxidized only slowly or not at all, while compounds such 
as cadaverine and histamine in which the hydrocarbon chain is interrupted by 
a second polar group were also not oxidized. This suggests that the free hydro- 
carbon chain is an essential part of the substrates and may be concerned in 
determining their affinity for the enzyme. 

B-Phenylethylamine and many of its derivatives were oxidized. This group 
includes adrenaline, tyramine and many substances with sympathicomimetic 
activity. Among these is arterenol (noradrenaline) which has a pressor effect 
of the same order of magnitude as that of adrenaline [Barger & Dale, 1910]. 
Mescaline was oxidized only very slowly: this may possibly be due to the presence 
of the three large methoxy] groups in the molecule. 
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The aliphatic tertiary amines such as triethylamine and tritsoamylamine 
were not oxidized at a measurable rate, but hordenine which contains a tertiary 
dimethylamino-group showed a slow but definite oxidation. 

The relative rates of oxidation were found to be reproducible for different 
preparations from guinea-pig liver, but they differed for the amine oxidases 
of different animals. The rate of oxidation of ditsoamylamine for example was 
too slow to measure with the guinea-pig preparations, but with pig liver it gave 
a relative rate of 27%. Similarly the relative rate of oxidation of hordenine was 
much faster with the pig liver than with the guinea-pig liver preparation. 


VARIATION OF RATE OF OXIDATION WITH SUBSTRATE CONCENTRATION 


The relation between the substrate concentration and the initial rate of 
oxidation was measured for adrenaline and tyramine. In order to minimize the 
possibility of errors arising from the delay in adding the substrate in the 
different manometer vessels the calculation of the Michaelis constant was based 
on the rates of oxidation between the third and ninth minutes after the beginning 
of the reaction. Except with the lowest substrate concentrations the rate of the 
reaction was sufficiently nearly linear for this purpose. 

With the adrenaline 1 mg. reduced glutathione per ml. enzyme solution was 
added in order to ensure that no autoxidation occurred. The results of each 
series of experiments were plotted and the p(S) values determined from the 
graphs. The p(S) gives the negative logarithm of the molar substrate con- 
centration at which the initial reaction rate is half the rate at saturation con- 
centration. In three experiments with tyramine the figures obtained for the 
p(S) with guinea-pig liver preparations were 2-6, 2-8 and 2-9; mean value 2-75. 
In three experiments with adrenaline the values obtained were 2-2, 2-0 and 
2-25; mean value 2-15. This means that the affinity of the enzyme for tyramine 
is greater than for adrenaline, but of the same order of magnitude. 


Discussion 


Identity of amine oxidases. In view of the evidence obtained in the present 
work the independent existence of the three amine oxidases, adrenaline oxidase, 
tyramine oxidase and the aliphatic amine oxidase must be considered improbable. 

There is no known method by which the identity of any two enzymes can be 
conclusively established; but it can be shown that they are so similar in their 
properties that their identity becomes increasingly probable. In the case of the 
three amine oxidases it has been shown that they are similar 


(a) in the chemical reactions they catalyse, 

(6) in their distribution in the animal kingdom, 

(c) in their behaviour towards inhibitors, and 

(d) in that their substrates compete with one another. 


The relative rates at which the different substrates were oxidized by enzyme 
preparations from different sources also showed considerable agreement, though 
in a few cases distinct differences were observed. To take an extreme example 
the relative rate of oxidation of hordenine was 12 °% with the guinea-pig but over 
50% with the pig liver preparations [Kohn, 1937]. These differences may be 
partly due to the presence of varying amounts of other enzymes such as aldehyde 
oxidase in the preparations. Another possible source of error is that inhibitors 
present in the preparations might affect the rates for different substrates to 


eee 
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different extents, depending on their different affinities for the enzyme. Yet 
these possible sources of error can hardly account for the differences observed for 
example in comparing the figures for the vertebrate preparations with those for 
the invertebrates. These differences might be interpreted as meaning that there 
exist different amine oxidases with closely similar properties; the more probable 
explanation is that the differences are due to slight variations in the specificity 
of the enzymes obtained from different sources. 

Physiological significance of amine oxidase. A number of amines are known 
to disappear when given to the intact animal or added to the perfusion fluid of 
intact organs. Ewins & Laidlaw [1910] showed that tyramine is converted into 
the corresponding p-hydroxyphenylacetic acid. They assumed that the amino- 
group was first removed by hydrolysis to give the corresponding alcohol. This 
assumption appeared to receive some support from the work of Guggenheim & 
Léffler [1916] who also isolated the alcohol tyrosol from tyramine, and obtained 
the alcohols as well as the acids from a number of other amines such as iso- 
amylamine and tryptamine. 

Hare [1928] and Bernheim [1931] concluded from her experiments with tissue 
extracts that in the case of tyramine an oxidation is involved, but as she did not 
isolate the intermediate aldehyde it was not clear whether this was a primary or 
secondary reaction. 

In view of the evidence now available it can be concluded that the primary 
attack on the amines is brought about by the amine oxidase here described. 
That the corresponding aldehydes which are the primary oxidation products have 
not been isolated under the conditions of feeding or perfusion experiments is not 
surprising as the aldehydes would be expected to be further metabolized by other 
enzymes such as the aldehyde oxidase and mutase. The products which have 
been isolated are in fact those which would be expected to be formed if these 
enzymes are responsible for the removal of the aldehyde. 

Whether amines other than adrenaline are formed as products of animal 
metabolism is not known; but it is known that many bacteria that constitute 
the normal and pathological flora of the intestinal lumen are capable of forming 
amines. If these substances, many of which are toxic, are formed in the 
intestine, it is not surprising to find a system present which destroys them. From 
this point of view it may be noted that the enzyme occurs in highest con- 
centration in intestine and liver. 

As far as adrenaline is concerned it is now shown that it is oxidized by the 
amine oxidase in the same manner as many other amines. The affinity of 
adrenaline for the enzyme is less than that of tyramine but of the same order. 
Whether the amine oxidase can be held responsible for the removal of adrenaline 
in the minute concentrations in which it occurs in the body can be decided only 
by further physiological experiments. The observations on the inhibition of the 
amine oxidase reported in this paper suggest a possible method of approach to 
this question. 

When the concentration of adrenaline in the body is high, as under experi- 
mental conditions, there is no reason to doubt that the amine oxidase may be 
active in removing adrenaline. Weinstein & Manning [1937] have recently 
reported that a substance with the properties of protocatechuic acid appeared 
in the urine of rabbits to which adrenaline had been administered. This shows 
that under the conditions of their experiments the adrenaline molecule is 
oxidized in the side chain and suggests that the amine oxidase may be concerned. 
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SUMMARY 


1. The enzymes adrenaline oxidase, tyramine oxidase and aliphatic amine 
oxidase are similar (a) in their distribution in the animal kingdom, (5) in their 
behaviour with inhibitors, and (c) in that their mixed substrates show competi- 
tion. It is therefore concluded that these three systems are identical. 

2. The amine oxidase was found to be present in every vertebrate tested and 
in a number of invertebrates. 

3. Competition was observed to occur between the substrates (a) tyramine 
and adrenaline, (b) tyramine and isoamylamine, and (c) tyramine and tryptamine. 

4. The affinities of the substrate for the enzyme were found to be p(S) = 2-75 
for tyramine and 2-15 for adrenaline. 

5. The specificity of the amine oxidase has been examined by testing the 
oxidation of 66 amines of different types. For those amines which were oxidized 
the relative rates of oxidation have been measured. 
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CCLXIX. A SIMPLE APPARATUS FOR MILKING 
SMALL LABORATORY ANIMALS 


By PETER LONGDALE TEMPLE anp STANISEAW KAZIMIERZ KON 
From the National Institute for Research in Dairying, University of Reading 


(Received 29 October 1937) 


EARLIER this year Cox & Mueller [1937] described a machine for milking rats, 
which was driven by dry cells, a water filter pump and a 220 V. a.c. line; their 
circuit made use of contacts in a mercury U-tube and of solenoids. We proposed 
to construct a similar apparatus, but it occurred to us in the course of the work 
that the design could be simplified. As a result the machine described below has 
been built. It works very satisfactorily. 

The apparatus (Fig. 1) consists of a piston type valve (a) which is worked by 
a pneumatic mechanism (b) similar to that used to propel the blade of a wind- 
screen wiper, a dial vacuum gauge (c), two control valves (d and d,) and a teat 





To vacuum 
pump*— 


Fig. 1. Diagrammatic drawing of milking apparatus. 


cup (f). Power is obtained from a laboratory vacuum pump: to this pump is 
connected a reservoir (e) | litre capacity; the latter is also connected to the two 
valves, the first of which (d) controls the speed of valve (a) and the second (d,) 
the amount of vacuum to the teat cup. These are air valves as fitted to house- 
hold radiators. 

An arm (g) actuated by the wiper mechanism moves two pistons in valve (a) 
to which are connected two tubes, one (h) to the controlling valve (d,) the other 
(j) to the teat cup (f) and vacuum gauge (c). The tubes are so connected to 
valve (a) that towards one end of the stroke the teat cup is connected to atmo- 
sphere and towards the other end of the stroke to vacuum. The apparatus could 
be made to work with only one piston but two are used to equalize atmospheric 
pressure. The teat cup and milk-receiving vessel are as described by Cox & 
Mueller [1937] and consist of a catheter of suitable size and a small graduated 
centrifuge tube. 

To use the apparatus the pump is started, the teat cup closed with the fingers, 
the two control valves adjusted to give the optimum pulsation frequency and 

1 The apparatus can be obtained from Messrs Cope and Cope, Ltd., 100 King’s Road, Reading. 

Biochem. 1937 Xxx1 ( 2197 ) 139 











2198 P. L. TEMPLE AND S. K. KON 


amount of vacuum on the teat cup. When these have been set it is not necessary 
to adjust them again provided that the displacement of the pump does not alter 
owing to power fluctuations etc. 

With rats we have followed the conditions of milking as described by Cox & 
Mueller [1937], i.e. 25-40 pulsations per min. and 7 in. vacuum, and have found 
them quite satisfactory. 


SUMMARY 


A milking machine for milking small laboratory animals is described. 


Our best thanks are due to Mr J. Cotton of Messrs Cope and Cope, Ltd., for 
useful suggestions about the design of the apparatus and for making the 
production of the apparatus possible. 
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CCLXX. A NOTE ON THE VITAMIN D CONTENT 
OF COW’S COLOSTRUM! 


By KATHLEEN MARY HENRY anp 
STANISEAW KAZIMIERZ KON 


From the National Institute for Research in Dairying, 
University of Reading 


(Received 29 October 1937) 


It is generally known that cow’s colostrum is much richer in vitamin A and 
carotene than the later milk but, as far as we know, there is no information with 
regard to its vitamin D content. 

We were interested to see whether the changes in concentration of the 
antirachitic vitamin are similar to those of vitamin A and of its precursor. We 
therefore measured the antirachitic potencies of colostral fats obtained on 
successive days after calving and compared them with the activity of a normal 
sample of butter produced at the same time and under similar conditions of 
feeding. 


EXPERIMENTAL 


The colostra were obtained from a Guernsey cow at her fourth calving at 
the end of July 1936, that is when grass was plentiful and the actinic activity 
of the sun very high. The cow had been on pasture until 2 days before calving 
when she was brought indoors for the first few days. 

Three separate churnings were made of the colostral fats. For the first the 
colostra of the day of calving and of the following day were mixed, the next 
24 days’ yields were again blended and finally one churning combined the second 
half of the 4th day and the morning of the 5th day after parturition. This last 
churning was from the first normal milking of the cow. In addition butter was 
churned from the normal milk of a Guernsey cow which produced her sixth calf 
in January and which had been on the same pasture as the newly calved cow. 

The churned butters were rendered at a temperature of 50° and the filtered 
fats were stored at —2°. 


BIOLOGICAL TESTS 


The fats were assayed in prophylactic experiments against the International 
Standard for vitamin D (v.p. 13) by a technique previously described [Kon & 
Henry, 1935]. The first colostrum was fed at two levels of intake: 0-05 and 0-1 g. 
per rat per day (Sundays excepted). Of the second colostrum 0-15 g. was 
similarly fed and the third colostrum and the control butters were given at the 
level of 0-3 g. There was one level of 0-2 units of the I.s. and one group of negative 
controls. 

The results of the tests are given in Table I. 

1 Read before the Biochemical Society, 12 February 1937 [Henry & Kon, 1937]. 
( 2199 ) 139—2 
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Table I. Bone ash °/, of rats receiving colostral and butter fats 


First colostral fat 
Control butter O_o 
Negative controls fat, ‘* 3 g. 0-05 g. 0-1 g. 
—— A 


eS c c \ f= \ 
Rat Litter Ash% Rat Litter Ash oy Rat Litter Ash% Rat Litter Ash % 


5879 1 28-3 5878 1 40-2 5894 3 32-8 5895 3 37-1 
5886 2 27-6 5906 F, 35:8 5907 F, 34-9 5908 F, 35-0 
5916 6 29-5 5917 6 37-1 5924 7 30-5 5925 7 36-0 
5941 9 27-9 5944 Fy 39-3 5945 Fy 36-4 5946 Fy 42-7 
5955 ll 29-0 5956 ll 41-6 5957 ll 32-2 5958 Fi, 408 


5968 13 28-6 5969 13 36-2 5975 14 30-8 5976 14 39-3 
Average 28-5 38-4 32-9 38-5 
Second colostral Third colostral 
fat, 0-15 g. fat, 0-3 g. Ls. 0-2 units 


eT oF aKa oF 
Rat Litter Ash% Rat Litter Ash% Rat Litter Ash % 
5902 4 33-0 5903 4 37:0 = 5905 F, 39-6 
5909 F, 3455 5910 5 40-2 5911 5 38-5 
5932 8 36-0 5939 9 37-0 5940 9 44-6 
5947 10 35-1 5948 10 37:0 5949 10 43-6 
5959 «=F, «= 36-1 5960 F,, 35:0 5967 13 43-6 
5977 14 38-1 5978 14 37-7 -— — _- 
Average 35°5 37-3 42-0 


The signs F,, Fy, F,, denote rats foster-fed with litters 4, 9 and 11. 





The gains in percentage of ash over the negative controls were as follows: 


Substance tested Level Gain 
Control butter 0-30 g. + 99 
First colostrum 0-05 g. + 44 
0-10 g. +10-0 
Second colostrum 0-15 g. + 7:0 
Third colostrum 0-30 g. + 88 
Ls. 0-2 unit +13-5 


From these gains the vitamin D contents of the fats have been calculated in 
1.U. by means of the equation 
Gain in ash % = 26-63 + 17-31 log dose (1.v.). 
The method of calculation has been fully described in a previous paper 


[Kon & Henry, 1935]. 
The following values were obtained: 


Control butter fat 0-41 I.U. per g. 

First colostral fat (0 and 1st day after calving). 0-05 g. level, 1-22 1.U. per g. 
1-19 1.v. per g.; 0-10 g. level, 1-25 1.U. per g. 

Second colostral fat (2nd, 3rd and 44th day after calving) 0-56 1.U. per g. 

Third colostral fat (}-4th and 4—5th day after calving) 0-36 I.U. per g. 


The tests on the two levels of the first colostrum agree quite well and give a 
value of 1-2 1.v. per g. This is definitely higher than values for summer butter 
obtained by us previously [Kon & Henry, 1935; 1936; Campion et al. 1937] and 
is also some three times higher than either the value for the normal control 
butter or for the third colostrum. The second colostrum is half as potent as the 
first and its potency is within the summer range. 

We have also carried out on the colostral fats and on the butter Lovibond 
tintometer estimations [Booth et al. 1933] of their vitamin A and carotene 

1 The equation used in the present paper is slightly different from that given in the previous 
paper as we have recalculated it recently, using additional data collected since 1935. 
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contents. The results are given in Table II expressed in Moore [1930] blue and 
yellow units. 


Table II. Vitamin A and carotene contents of the colostral and butter fats 


Carotene Vitamin A 
Moore Moore 
yellow blue 

Substance tested Days after calving units per g. units per g. 
First colostral fat 0 and Ist 444-4 400-0 
Second colostral fat 2nd, 3rd and 44th 105-0 96-0 
Third colostral fat 344th and 3-5th 36-4 37-0 
—_— 48-0 50-0 


Control butter fat 


It will be seen that, in agreement with other workers [Dann, 1933; Semb e¢ al. 
1934; Gillam et al. 1936; Leuschen et al. 1937], we get much higher values for 
the early colostral as compared with later fats, the ratio between the first and 
third colostra being 12: 1 for carotene and 11:1 for vitamin A. We obviously 
must not stress our figures unduly as the measurements were carried out only 
on the secretion of one cow, but it would appear that in summer the difference 
between colostral and milk fats is some 3-4 times smaller in the case of the 
antirachitic factor than in the cases of vitamin A and of carotene. 


SUMMARY 


The vitamin D content of the colostral fats of a Guernsey cow on pasture 
was 1-2 1.U. per g. for the 0 and Ist day post partum, 0-56 1.v. per g. for the 2nd, 
3rd and 34th days and 0-36 1.v. per g. for the }-4th and 4-5th days. Normal 
control butter fat contained 0-41 I.v. per g. Compared with later milk colostrum 
contains relatively more vitamin A and carotene than vitamin D. 


We are indebted to Miss D. V. Dearden for the churning of the butters. 
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THE anaerobic dismutation of pyruvic acid has been demonstrated for various 
animal tissues [Krebs & Johnson, 1937, 1]. The present results which were 
arrived at independently! and with different methods confirm this reaction for 
pyruvic acid and show further an analogous dismutation of «-ketoglutaric acid. 

In a previous paper [Weil-Malherbe, 1937, 1] the formation of succinic acid 
from pyruvic acid by brain tissue has been shown. The experiments to be 
described were undertaken to obtain a better insight into the mechanism of 
succinic acid formation, and also to decide if succinic acid is an intermediate in 
the main pathway of pyruvic acid oxidation. One way of approaching this 
problem is to analyse the fate of that part of pyruvic acid which is oxidized. If 
succinic acid lies in the main pathway the oxidized part of pyruvic acid should 
be entirely accounted for by succinic acid or by possible intermediates of 
succinic acid formation, whereas, if the succinic acid formation is only a side 
reaction, other products of oxidation should be found, or, failing this, a deficit 
should appear in the balance sheet. It is obvious that the oxidation of pyruvic 
acid, which proceeds rapidly to completion in the presence of oxygen, has to 
be slowed down, if it is intended to study balance sheets of this kind. This can 
be done satisfactorily by employing anaerobic conditions. 


Analytical methods 


(1) Pyruvic acid. Pyruvic acid was usually estimated by the carboxylase 
method with enzyme preparations made according to Axmacher & Bergstermann 
[1934]. In some cases bisulphite-binding capacity was also titrated; the results 
were always practically identical. 

(2) Ketoglutaric acid. The analyses were done to determine the disappearance 
of added ketoglutaric acid only; titration of bisulphite-binding capacity was 
found to be quite adequate for this purpose. Although the method is unspecific 
no blank was ever found in the controls either at the beginning or at the end of 
the experiment. In some large-scale experiments ketoglutaric acid was estimated 
gravimetrically as 2:4-dinitrophenylhydrazone. 

(3) Lactic acid was determined by the method of Friedemann ef al. [1927]. 

(4) -Acetic acid. The method previously described [Weil-Malherbe, 1937, 1] 
was used with some improvements. It is important that the volume of the 
solution be the same in all distillations and be kept constant during the distilla- 
tion. If the solution to be analysed contains pyruvic acid, 1 ml. of 10% phenyl- 
hydrazine hydrochloride is added. It is not necessary to remove the precipitate, 

1 Preliminary accounts have been published elsewhere [Weil-Malherbe, 1936, 2, 3]. 
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if any, since the phenylhydrazone is not decomposed under the mild conditions 
of the distillation. The solution is left for 30 min., made up to 7 ml. and trans- 
ferred to the bulb of the Parnas apparatus; 1 ml. of 10 vol. % HPO, is added to 
make a total volume of 8 ml. Finally 5g. NaH,PO, are introduced, giving 
pH about 2. At an appreciably lower pH chlorides may interfere. Lactic acid is 
not volatile under the conditions described. 

The recovery amounts to 85% in 25 ml. of the distillate; without addition 
of NaH,PO, only 50% of acetic acid passes over in the same volume. The 
titration is carried out at room temperature with N/200 NaOH (CO,-free) 
using phenolphthalein as indicator. Before the next estimation is started, the 
bulb of the apparatus is cleaned and 50 ml. more of distillate are collected to 
remove acid. This method was found to be both speedy and reliable. Owing to 
the comparatively small volume of the distillate 0-05 mg. of acetic acid can still 
be estimated with sufficient accuracy. 

(5) Succinic acid was determined enzymically [Weil-Malherbe, 1937, 1]. 
The extracts were made from pig’s heart by an improved method [Weil- 
Malherbe, 1937, 2]. In most cases freshly prepared enzyme solution was used. 
Rapid inactivation of the enzyme at 38° in the absence of substrate, as claimed 
by Elliott & Greig [1937], has never been observed, unless old extracts were used. 
The deterioration of the enzyme can be avoided to a certain extent by drying, 
although this involves a small loss of activity as compared with the fresh extract. 
In most experiments the analysis was performed on the original solution, but 
in some large-scale experiments a preliminary ether extraction was made. 

(6) Hydroxyglutaric acid. (a) Polarimetric method: the rotation of hydroxy- 
glutaric acid is increased in uranyl acetate solution [Mayer, 1931]. We find for 
sodium 1(—)«-hydroxyglutarate [«];) = —8-6° in water and [«]}) = —47-5° in 
20% uranyl acetate, i.e. an increase of 550%. This increment is a constant 
which is characteristic of hydroxyglutaric acid and, when it is found, the presence 
of hydroxyglutaric acid may be inferred and its quantity assessed. The sub- 
stance most likely to interfere with this estimation is malic acid; but the specific 
rotation of malic acid in neutral solution is increased from —3-0° to about 
—480° by the addition of uranyl acetate, i.e. by 16,000%. A small amount of 
malic acid will thus produce a relatively large increase of the increment calculated 
for hydroxyglutaric acid, but its quantity can be estimated from the theoretical 
values for hydroxyglutaric and malic acid respectively. 

Owing to the low rotation of hydroxyglutaric acid this method is restricted 
to large-scale experiments. The polarimetric estimations were always done on 
ether extracts. These were neutralized with Ba(OH),; any precipitate was 
removed and 4 vol. of alcohol were added. The precipitate of Ba salts was 
decomposed with H,SO,, neutralized with NaOH and concentrated to 7 ml. 
The first polarimetric reading was now taken, using a 1 dm. tube. The solution 
was transferred to a small] Erlenmeyer flask, made up to 10 ml. and 2 g. of uranyl 
acetate were added. After heating on the water-bath for 20 min. the solution 
was kept in the dark for 2 hr. It was then concentrated, filtered and made up to 
7 ml., and again examined polarimetrically. 

(b) Manometric method. Attempts to estimate hydroxyglutaric acid as 
succinic acid after oxidation with KMnO, and extraction with ether did not 
give satisfactory results, the yield of succinic acid being less than 40%. Use was 
therefore made of the fact that pyocyanine acts as a highly specific carrier for 
hydroxyglutaric dehydrogenase [Weil-Malherbe, 1937, 2]. In the arrangement 
used for the estimation of succinic acid, i.e. with low concentrations of enzyme 
and with brilliant cresyl blue as carrier, the oxidation of hydroxyglutaric acid is 
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so extremely slow as to be negligible. With a high enzyme concentration and 
pyocyanine as carrier succinic and hydroxyglutaric acids are oxidized simul- 
taneously. The excess of the O, uptake in the “pyocyanine test” over that in 
the “brilliant cresy] blue test”’ is regarded as due to the oxidation of hydroxy- 
glutaric acid, since this is the only substance, as far as we know, which is 
oxidized by the enzyme preparation only under the conditions of the first test, 
but not under the conditions of the second test. 

The solution to be analysed is concentrated to about 2 ml. and the volume is 
measured. Two aliquots of 0-5 ml. each are measured into the side bulbs of two 
Warburg manometer vessels. One of these contains in the main part 1-5 ml. 
water, 0-5 ml. enzyme solution and 0-5 ml. 0-5 % brilliant cresyl blue, the other 
contains 2 ml. enzyme and 0-5 ml. M/50 pyocyanine. Controls with 0-5 ml. of 
water in the side bulbs instead of solution are run simultaneously. At thermal 
equilibrium the contents of the side bulbs are tipped into the enzyme solution. 
The method gives theoretical results with a mixture of the pure acids. With 
solutions in which tissue had been incubated, however, a slight excess of the 
O, uptake in the “‘pyocyanine test” over that in the “brilliant cresyl blue test” 
was generally observed, even when the presence of hydroxyglutaric acid was not 
anticipated. Whether this was due to the presence of preformed hydroxyglutaric 
acid or of another substance, cannot be decided. 

(7) Acetone bodies are estimated in two fractions, fraction I representing 
acetone +acetoacetic acid, fraction II B-hydroxybutyric acid. The solution is 
treated with basic lead acetate and copper-lime and, after centrifuging, trans- 
ferred to a 50 ml. distilling flask fitted with a ground-in dropping funnel and so 
designed that a stream of gas can be led through the solution. The distillate 
is collected in a 25 ml. volumetric flask containing 1 ml. of 10% NaHSO, by 
means of a drawn-out adaptor, the end of which dips under the surface of the 
bisulphite solution. 1 ml. of 50% H,SO, and about 20 ml. water are added to 
the solution in the distilling flask and the distillation is started, a slow stream of 
nitrogen being bubbled through to prevent sucking back of the distillate. Water 
is added from the dropping funnel to keep the volume more or less constant. 
After about 25 ml. of distillate have been collected, the distillation is dis- 
continued and the receiver is replaced by a second flask also containing 1 ml. 
10% NaHSO,. 5 ml. of 66 vol. % H,SO, are added to the solution in the 
distilling flask and the distillation is started again. As soon as the solution has 
started boiling, 10 ml. of 0-1°% K,Cr,O, solution, or more if necessary, are added 
very slowly from the dropping funnel and 25 ml. of distillate are collected. The 
two distillates representing fractions I and II are now separately redistilled with 
addition of 2 ml. 5 N NaOH and about 0-5 g. of sodium peroxide, the distillates 
being again collected in 25 ml. volumetric flasks containing 1 ml. of 10% NaHSO,. 
The acetone contained in the two final distillates is titrated according to Linden- 
berg [1936]. B-Hydroxybutyric acid yields 70-75% of the theoretical amount 
of acetone. The specificity of the method is quite sufficient. The method 
is applicable to quantities as small as 0-01 mg. of acetone and 0-025 mg. of 
B-hydroxybutyric acid. 

Units. Quantities of metabolites are expressed as pl. gas (1 millimol= 
22,400 pl.) or in Q values (Saami): 


mg. dry weight x hr. 








KETO-ACIDS IN BRAIN METABOLISM 2205 


RESULTS 
I. The anaerobic metabolism of pyruvic acid 


(1) Results with brain slices. By analysing aliquots of the same solution 
complete balance sheets of the anaerobic metabolism of pyruvic acid were 
obtained. For these experiments, which had to be done on a scale somewhat 
larger than usua]J, two Warburg manometer vessels of about 40 ml. vol. with 
side arm and centre well were used. The slices from four rat brains were divided 
into two equal portions, transferred to the vessels and there suspended in 
10 ml. bicarbonate-saline. The gas space was filled with a mixture of 95% N, 
and 5% CO,: the centre well contained 0-3 ml. of freshly prepared chromous 
chloride. At time ¢,, after thermal] equilibrium had been reached, 0-5 ml. of 
M/5 pyruvate was tipped from the side arm of one of the vessels. After 2 hr., 
during which period the pressure changes were recorded, the tissue was killed 
by the addition of 0-5 ml. 3N HCl, removed by centrifuging, dried and weighed. 
The solutions were put into a boiling water-bath for 5 min., then neutralized to 
litmus and cleared by centrifuging. 5 ml. of the solution were concentrated on 
the water-bath to 1 ml. and used for succinic acid estimation. Lactic acid 
estimation was done on | ml. of the original solution after copper-lime treat- 
ment, pyruvic acid estimation on 0-5 ml. and the remainder of the solution was 
used for estimation of acetic acid. CO, was calculated from the positive pressure 
observed. The bicarbonate content of the solutions remained constant, as has also 
been shown by Krebs & Johnson [1937, 1]. 

When the brain slices for these experiments were prepared, less care was 
taken than usually to avoid the white matter in order to save time and material. 
This explains the somewhat low Q values recorded in Table I. In the last 
column of this table the quantity of pyruvic acid disappearing is arbitrarily 
denoted as 200 and the quantities of the other metabolites are expressed in 
proportional units. The figure for succinic acid is doubled, since it arises from 
2 equiv. of pyruvic acid. 

It appears that the figures for lactic acid and CO, are as near to 100 as can 
be expected. For these two metabolites therefore the equation 


2CH,.CO.COOH + H,O =CH,.CHOH.COOH+CH,;.COOH+CO, __....... (1) 


is realized by the experiment. On the other hand only 75-80 % of the theoretical 
amount of acetic acid is found, but the remainder is almost entirely accounted 
for by succinic acid. From this the conclusion may be drawn that a certain 
part of the acetic acid, amounting to about 20%, has been further oxidized to 
succinic acid. The sum of acetic+succinic acids is approximately 100, so that 
there is no deficit left in the balance sheet. This shows that, under these con- 
ditions, there are no reactions following the oxidation of pyruvic acid other than 
formation of acetic and succinic acids. 

The reductive equivalent which corresponds to oxidation of 20% of the 
acetic acid to succinic acid cannot be lactic acid. Were this so, the amount of 
lactic acid formed should be more than half the amount of the pyruvic acid used 
and, correspondingly, the amount of CO, should be less than this. It is not 
pyruvic acid at the expense of which this oxidation is accomplished. We know 
nothing at present about the nature of the hydrogen acceptor to which this 
oxidation is due. 

In a series of experiments the relation of the evolution of CO, to the formation 
of acetic acid has been further studied. The increase of total CO, was determined 
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Table I. Balance sheet of the anaerobic metabolism of pyruvic acid in rat 
brain slices 


Proportions 
(pyruvic 
acid dis- 
appearance 
No substrate M/100 pyruvate Difference =200 
Exp. 1 pl. @ value pl. @Q value pl.* @Q value 
Dry weight of 164-8 175-8 
slices (mg.) 
Pyruvic acid 0 0 -890 -2-53 -890 -2-53 200 
co, 35-4 0-11 44 1-26 406 1-16 91 
Lactic acid 129 0-39 570 1-62 432-5 1-23 97 
Acetic acid 23 0-07 376 1-07 351 1-00 79 
Succinic acid 0 0 43 0-12 43 0-12 19 
Exp. 2 
Dry weight of 190-0 168-5 
slices (mg.) 
Pyruvic acid 0 0 -—980 -2-90 -980 -2-90 200 
co, 84-5 0-22 581 1-72 506 1-50 103 
Lactic acid 126 0-33 600 1-78 488 1-45 100 
Acetic acid 31 0-08 406 1-20 378-5 1-12 77 
Succinic acid 0 0 38 0-11 38 0-11 15-5 
Exp. 3 
Dry weight of 178-0 182-0 
slices (mg.) 
Pyruvic acid 0 0 -1070 -2-94 -1070 -2-94 200 
co, 126 0-35 660 1-81 531-5 1-46 99 
Lactic acid 144 0-40 700 1-92 553 1-52 103 
Acetic acid 16 0-04 440 1-21 23-5 1-16 79 
Succinic acid 0 0 47 0-13 47 0-13 17-5 


* Corrected for weight. 


in parallel experiments by acidification at the beginning of the experiment and 
after 2hr. The tissue was suspended in 3 ml. of phosphate-saline, free from 
bicarbonate, or in 1-5 ml. of bicarbonate-saline containing M/80 NaHCO, and 
in equilibrium with 2-5°% CO,. Pyruvate was tipped at ¢, from one of the two 
side bulbs of the vessel. Acetic acid was determined in the solutions acidified at 
the beginning and at the end of the experiment. 

The results for acetic acid (Table II) vary from 50 to 90 % of the theoretical 
amount. The yield seems to be smaller with guinea-pig brain. 

(2) Results with minced brain. Two guinea-pig brains were used for one 
experiment. The brains were finely chopped with scissors, ground with sand 
and | part of M/100 phosphate buffer pH 7-4. 2 ml. of the paste were measured 
(with the aid of a pipette with broken off point) into vessels provided with two 
side bulbs. Four vessels in all were used, two controls and two in which 0-2 ml. 
of M/2 pyruvate was tipped from one of the side bulbs at tf). The gas space was 
filled with nitrogen, the centre well contained chromous chloride solution. At 
t, one of the controls and one of the pyruvate vessels were acidified by tipping 
in 0-3 ml. of 3N HCl. The remaining two vessels were acidified after 2 hr. 
When the pressure changes had ceased, the vessels were removed from the 
thermostat and the contents transferred to centrifuge tubes with about 8 ml. 
of wash water. After centrifuging the supernatant solution was heated in a 
boiling water-bath for 5 min. and neutralized. A further precipitate was 
centrifuged off. The precipitates were not washed, but the total volume, 
including the precipitate, was determined before and after every operation 
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Table II. Formation of CO2 and acetic acid during the anaerobic metabolism 
of pyruvic acid in brain slices 
The first of each bracketed pair was acidified at zero time and the second after 2 hr. (see text) 


Proportion of 
acetic acid 


(CO, of de- 
mg. pl. total pl.acetic carboxylation 
Species Medium dry wt. co, A, A, acid =100) 
. 10-49* 380 0 
a = {ose 386 6 0 
BS + M/100 ie 410 0 
pyruvate 8-56 463 53 48-3 35 72-5 
Guinea- BS | 14-38 392 0 
pig 13-87 395 3 0 
BS + M/100 18-91 405 0 
pyruvate 17-48 473 68 64-2 42 65 
9-03 16-6 0 
Rat PS 116-82 20-9 43 0 
PS + M/100 {ives 23-5 0 
pyruvate 13-06 68-7 45-2 41-8 38 90 
‘ 17-68 13-8 0 
Rat PS {13-59 17-4 3-6 0 
PS+M/100 = { 21-37 20-0 0 
pyruvate (23-06 98-0 78 72 jt 75 
~ 13-11 12-5 0 
= Ss {1539 15-5 3 0 
PS +M/100 15-83 15 0 
pyruvate {21 52 75°5 60-5 56-3 38 67-5 
Guinea- PS in 15-9 0 
pig 24-04 18-9 3 0 
PS +M/100 34-64 19-9 0 
pyruvate 139-93 112 92-1 87 44. 50-5 


BS = bicarbonate-saline. 

PS = phosphate-saline. 

A, =CO, at tz pr. —-CO, at t, =increase of total CO,. 

A, =A, (pyruvate) — A, (control) corrected for weight = CO, of decarboxylation of pyruvic acid. 


which involved loss of volume, and the results were calculated on the basis 
of homogeneous solutions. Recovery experiments with minced brain have 
shown that the results with this procedure are far more satisfactory than when 
the precipitates are thoroughly washed. The error which is introduced by 
regarding the precipitate as part of the solution is apparently compensated by 
adsorption of dissolved substances on the surface of the precipitate. 

The final clear solution was made up to 10 ml. and aliquots were taken for 
the different analyses in the manner described. Thus, balance sheets were 
obtained (Table III) which differed in a significant way from those obtained 
with brain slices. The relation, pyruvic acid used : CO, : lactic acid was again 
very close to 2: 1 : 1, as in the experiments with brain slices. The fundamental 
reaction is therefore in this case, too, a dismutation of pyruvic acid. But the 
yield of acetic acid is very low, only about 10% of the theoretical amount. On 
the other hand, the formation of succinic acid is increased and accounts for 
about 60% of the oxidized pyruvic acid. 

There remains a deficit of about 30%. Krebs & Johnson [1937, 1] have 
shown that in muscle 30% and more of the total pyruvate used (reduced + 
oxidized) is converted into B-hydroxybutyric acid anaerobically. Although it 
has been shown that, under different conditions, acetone bodies are formed 
from pyruvic acid in brain too [Weil-Malherbe, 1936, 3], only minute amounts, 
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Table III. Balance sheet of the anaerobic metabolism of pyruvic acid in 
bret of guinea-pig brain 





No substrate Pyruvate Proportions 
ieee eer a ene (pyruvic acid 
Initial Final A, Initial Final A, A,-A,  disappear- 
Exp. 1 pl. pl. pl. pl. pl. pl. pl. ance = 200) 
Pyruvic acid 0 0 0 2230 1610 -620 — 620 200 
co, 126 210 84 62-5 439 376-5 292-5 94 
Lactic acid 255 297 42 243 539 296 254 82 
Acetic acid 15-5 75 59-5 20 102 82 22 7 
Succinic acid -- — — 
Exp. 2 
Pyruvic acid 0 0 0 2175 1380 — 795 — 795 200 
co, 163-5 239 75-5 95 569 474 398-5 100 
Lactic acid 310 230 —80 290 620 330 410 103 
Acetic acid 40 86 46 65 140 75 29 7 
Succinic acid 71 75 + 108 235 127 123 62 
Exp. 3 
Pyruvic acid 0 0 0 1930 1340 -590 — 590 200 
co, 75-5 167 91-5 108 495 387 275-5 93 
Lactic acid 420 370 —50 385 600 215 265 90 
Acetic acid 27 44 17 54 125 71 54 18 
Succinic acid 60 70 10 68 162 94 84 57 


if any at all, were formed from pyruvic acid anaerobically in minced brain 
(Table IV). This reaction therefore does not account for the deficit. 


Table IV. Formation of acetone bodies from pyruvic acid by brei of guinea-pig 
brain anaerobically 


3 ml. of brei per vessel. 2 hr. 





No substrate Pyruvate 
c P » A a 

Initial Final A, Initial Final A, A, -A, 

pl. pl. pl. pl. pl. pl. pl. 

Pyruvic acid 0 0 0 2180 1305 — 875 — 875 
co, 156 325 169 180-5 808 627-5 458-5 

Fraction I (acetone + 0 0 0 0 0 0 0 

acetoacetic acid) 
Fraction IT (B-hydroxy- 0 0 0 0 10 10 10 


butyric acid) 


The low yield of acetic acid in minced brain can be due to one of the following 
possibilities: (1) failure to detect acetic acid, (2) rapid removal of acetic acid, 
(3) no formation of acetic acid. The first two cases were excluded by experiment. 
Added acetic acid is quantitatively recovered immediately after addition as well 
as after 2 hr. anaerobic incubation, in presence and in absence of pyruvic acid 
(Table V). There is, of course, a fourth possible explanation: that an immediate 


Table V. Fate of acetic acid added to minced brain (horse) anaerobically. 


2 ml. brei per vessel. N, 
Acetic acid 





tf x 
Initial After 2 hr. A 
Substrate pl. pl. pl. 
0 26 96 70 
0-15 ml. M/5 acetate 643 720 73 
0-15 ml. M/2 pyruvate 33-5 134 100 
0-15 ml. M/5 acetate + 0-15 ml. 677 786 109 


M/2 pyruvate 
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precursor of acetic acid, viz. nascent acetic acid, is far more reactive than the 
acetic acid which we add, and that this nascent acetic acid disappears rapidly in 
the minced brain but not in the slice. We can only avoid the improbable 
assumption of entirely different mechanisms in mince and slice, if we accept 
this last explanation. 


II. The anaerobic metabolism of «-ketoglutaric acid 


Under anaerobic conditions dismutation of ketoglutaric acid takes place 
according to the following equation: 
2C0,H.CO.(CH,),.CO,H +H,0 =(CH,.COOH), +CO,H.CHOH. (CH,),.CO,H +CO, 
saved 
The relation of 2 : 1 : 1 for the disappearance of ketoglutaric acid : the formation 
of succinic acid : the evolution of CO, is well realized by the experiment. No 


differences are found whether brain slices or minced brain are used (Tables VI 
and VII). 


Table VI. Balance sheet of the anaerobic metabolism of ketoglutaric acid in 
rat brain slices 


Bicarbonate-saline. 95% N,+5% CO,. Duration: 3 hr. 








Proportions 
No substrate M/100 ketoglutarate Difference (ketoglutaric 
co ‘ | aa AREAED, c ; ~ acid dis- 
Dry wt. of slices (mg.) 145-3 111-8 appearance 
pl. Q value pl. Q value pl.* Q value = 200) 
Ketoglutaric acid 0 0 — 384 -1-15 — 384 —1-15 200 
co, 127 0-29 276-5 0-83 179 0-54 93 
Succinic acid 19-4 0-04 186 0-55 171 0-51 89 
Hydroxyglutaric acid 0 0 231 0-69 231 0-69 120 


* Corrected for weight. 


Table VII. Balance sheet of the anaerobic metabolism of ketoglutaric acid in 
bret of guinea-pig brain 





Proportions 
(keto- 
No substrate Ketoglutarate glutaric 
Ad ; acid dis- 
Initial Final A, Initial Final A, A, -—A, appearance 
pl. pl. pl. pl. pl. pl. ul. = 200) 
Exp. 1. 2 ml. brei, 2 hr.: . 
Ketoglutaric acid 0 0 0 1850 1460 -390 -390 200 
co, 104 168 64 66-5 318 251-5 187-5 96 
Succinic acid 37 40 3 48 240 192 189 97 
Lap. 2. 3 ml. brei, 3 hr.: 
Ketoglutaric acid 0 0 0 1870 1260 -610 -610 200 
co, 173 461 288 182 790 608 320 105 
Succinic acid 35 90 55 32 398 366 311 102 
Hydroxyglutaric 0 0 0 0 289 289 289 95 
acid 


The figures for hydroxyglutaric acid, which were obtained by the manometric 
method, must be regarded as rough estimates owing to difficulties of the 
estimation. They were calculated by subtracting the value of “ hydroxyglutaric 
acid”’ observed in the control, which was not regarded as real, from the value 
observed in the solution containing ketoglutaric acid. It appears, however, that 
there is increased formation of a substance which is oxidized by an extract 
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under conditions characteristic for the oxidation of 1(—)«-hydroxyglutaric acid 
in a quantity close to the theoretical. 

The evidence for the formation of hydroxyglutaric acid could be confirmed 
(1) by demonstrating that after anaerobic incubation of brain with ketoglutaric 
acid a substance is formed with optical properties which agree fairly well with 
those of 1(—)«-hydroxyglutaric acid (2) by isolation of the zinc salt of hydroxy- 
glutaric acid. 

From a number of similar experiments the following may be quoted as an 
example: 100 g. of minced horse brain were placed in each of two flasks, one 
containing 100 ml. M/50 phosphate buffer pH 7-4 and the other containing 
100 ml. M/20 ketoglutarate in M/50 phosphate buffer. The flasks were filled 
with nitrogen and incubated for 3 hr. Then 100 ml. of 90% alcohol containing 
10% HCl were added, the tissue removed by centrifuging and washed twice 
with 50% alcohol. After concentration in vacuo to about 100 ml. the solutions 
were deproteinized with trichloroacetic acid and the unchanged ketoglutaric 
acid was precipitated with 2:4-dinitrophenylhydrazine. The amount of keto- 
glutaric acid thus recovered corresponded to a disappearance of 11,000 yl. 
during the experiment. The solutions were again concentrated to about 
20 ml. and continuously extracted with ether for 48 hr. The ether extracts were 
further treated as indicated in the description of the polarimetric method. 
Estimations of succinic acid on aliquots of the extracts showed 388 yl. in the 
control and 4320 yl. in the solution which contained ketoglutaric acid, i.e. 
formation of 3932 yl. of succinic acid. Polarimetric examination of the control 
solution showed before addition of uranyl acetate a rotation of +0-00°, after 
addition +0-03°. The rotation of the other solution was before addition of 
uranyl acetate —0-04°, after addition —0-40°, ie. an increase of 1000%. 
Assuming that this increase is due to the presence of a mixture of hydroxy- 
glutaric and malic acids it can be calculated that the mixture consists of about 
90% hydroxyglutaric acid and 10% malic acid. If 10% of the succinic acid has 
been further oxidized to malic acid, about 400 wl. of malic acid have been 
formed. This would have a rotation of —0-16°. If this value is deducted from 
the observed value, the rotation of —0-24° corresponds to 4200 pl. of hydroxy- 
glutaric acid, which agrees very well with the theoretical amount. 

Isolation of zine hydroxyglutarate. Several attempts which were made with 
minced horse brain yielded products which were undoubtedly mainly zinc 
hydroxyglutarate, but analysis showed that they were not quite pure. A 
successful experiment was carried out with minced pig’s heart, in which the 
dismutation of ketoglutaric acid is more vigorous than in brain. 100 g. of minced 
pig’s heart were incubated in 200 ml. M/20 bicarbonate and M/20 ketoglutarate 
solution for 3 hr. in an atmosphere of 95% N,+5% CO,. The operations up to 
the ether extraction were the same as described in the preceding paragraph. 
The greatest difficulty in this isolation was the separation of succinic and 
hydroxyglutaric acids, the salts of which have very similar solubilities. Zinc 
hydroxyglutarate does not crystallize from a mixture with zine succinate. 
A preliminary fractionation could be effected by taking advantage of the higher 
ether-solubility and dissociation constant of succinic acid. The solution was 
adjusted to pH 4-0 with phosphoric acid and Na,HPO, and was extracted with 
ether for 4 hr. Most of the succinic acid was extracted, together with very little 
of the hydroxyglutaric acid. The solution was now acidified with H,SO, and the 
extraction continued for 48 hr. Extracts of four experiments were thus com- 
bined in two fractions. Both fractions were worked up separately in the 
following way: the residue of the ether extract was taken up in water and 
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neutralized with baryta. The precipitate was removed and the solution added 
to 4 vol. of alcohol. The precipitate was separated, decomposed with H,SO, and 
again precipitated by the addition of basic lead acetate. A further precipitate 
was obtained from the mother-liquors by the addition of 1 vol. of alcohol. The 
combined precipitates were decomposed with H,S and the solutions of the free 
acids neutralized with NaOH and concentrated to 7 ml. At this stage the succinic 
acid fraction showed the following rotations: before addition of uranyl acetate 
+0-03°, after addition —0-08°. There was therefore very little hydroxyglutaric 
acid present. The addition of uranyl acetate produced a heavy precipitate in the 
succinic acid fraction, which was filtered off before the polarimetric examination 
and again combined with the solution afterwards. The hydroxyglutaric fraction 
showed the following rotations: Before addition of uranyl acetate —0-30°, after 
addition —2-14°. The original solution contained 290 mg. of solid. [«]p was 
therefore increased from —7-3° to —50-1° by about 700%. This shows that 
nearly pure hydroxyglutaric acid was present. The hydroxyglutaric acid 
fraction was now treated with an equal vol. of alcohol and the precipitate 
which appeared was added to the succinic acid fraction. Both fractions were now 
acidified with H,SO, and extracted separately with ether for 48 hr. The ethereal 
solutions were dried with Na,SO, together with a little BaCO, to remove traces 
of H,SO,. On evaporation of the ether white crystals appeared in both flasks. 
Those in the extract from the hydroxyglutaric acid fraction were small needles. 
The ether was not completely evaporated, but the last drop was left and 
decanted from the crystals. It contained brown impurities. The residue was 
taken up in water and neutralized with zinc carbonate. The solution of the zine 
salt was concentrated to about 5 ml. and after 2 days a small amount of the 
typical warty crystals of zinc hydroxyglutarate appeared. Yield after repreci- 
pitation: 45 mg. The mother-liquors still contained some of the zinc salt, but 
it could not be crystallized. (Found (Weiler): loss of weight at 80° in vacuo: 
20-0%. C, 28-33; H, 2-94; Zn, 31-2%. Cale. for C;H,0;Zn + 3H,O 20-28 % H,O; 
cale. for C;H,0,;Zn C, 28-38; H, 2-86; Zn, 30-92%.) 

The residue from the succinic acid fraction was twice recrystallized from ether 
and yielded 112 mg. of crystals. mM.P. 182°. Mixed melting-point with an 
authentic specimen of succinic acid: 182°. 


DISCUSSION OF SECTIONS I anp IT 


(1) The oxidative mechanism of decarboxylation. The results which have been 
reported show that the decarboxylation of a molecule of keto-acid under 
anaerobic conditions is only accomplished at the expense of another molecule 
of the keto-acid which is reduced to the hydroxy-acid. It is therefore not necessary 
to assume a carboxylase action for the anaerobic decarboxylation of keto-acids, 
as has been suggested [Simola & Puutula, 1937]. The limiting factor for this 
dismutation is apparently the velocity with which the keto-acid can be reduced. 
The dismutation is not inhibited by the accumulation of the hydroxy-acid, as 
could be shown by experiment. The decarboxylation is greatly accelerated, if 
other, more suitable hydrogen acceptors, such as dyes or oxygen, are offered 
(see section ITI). 

(2) The mechanism of the conversion of pyruvic into succinic acid. The 
following facts require explanation: (a) the relation (I) CO, evolution : lactic 
acid formation : pyruvic acid disappearance = 1 : 1 : 2 in both slices and brei of 
brain. (b) Almost the theoretical amount of acetic acid and only a small propor- 
tion of succinic acid are formed with brain slices. (c) Almost no acetic acid and a 
considerable proportion of succinic acid are formed in the brei. 
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The relation (I) shows that, when succinic acid is formed, a second hydrogen 
acceptor (X) must enter the reaction according to the equation: 


4CH,.CO.COOH + X +2H,0 =(CH,. COOH), +2CH,.CHOH. COOH +2CO, + XH, 
(3) 


The fact that this reaction is small in the slice and large in the mince suggests 
that only a small amount of the hydrogen acceptor X is available in the slice, 
but that it is liberated when the structure of the cell is destroyed. 

Equation (3) shows that 2 mol. CO, appear per mol. of succinic acid formed. 
Now, if «-ketoglutaric acid were an intermediate, as we have previously sug- 
gested, it would itself undergo a dismutation and a certain proportion of 
hydroxyglutaric acid would appear according to the equation: 

8CH,.CO.COOH +3H,0 
= (CH,.COOH), +CO,H.CHOH. (CH,),.CO,H +4CH,.CHOH.COOH +300, ......(4). 

This reaction would be a simple dismutation and it would be difficult to explain 
why it does not occur equally well in the slice as in the brei. In addition it would 
alter relation (I) to 0-75:1:2. In experiments with a small proportion of 
succinic acid formation this would not affect the observed values greatly, but 
it would be expected to become noticeable when the succinic acid formation 
accounted for a large proportion of the pyruvic acid oxidized as in the experi- 
ments with minced brain. It appears further that, if equation (4) is realized, the 
amount of succinic acid formed cannot account for more than 50 % of the oxidized 
pyruvic acid. But we have observed up to 62% without accounting for some 
acetic acid which was found too. Krebs & Johnson [1937, 1] even report an 
experiment with sheep’s testis where the amount of succinic acid formed 
accounts for 80% of the oxidized pyruvic acid. 

From this we conclude that the suggestion that ketoglutaric acid is an inter- 
mediate of the formation of succinic acid from pyruvic acid can no longer be 
maintained. 

An alternative suggestion is that succinic acid is formed by the oxidative 
condensation of 2 mol. of acetic acid in statu nascendi. In the minced brain where 
hydrogen acceptors are apparently readily available for this reaction a large 
amount of succinic acid is formed. In the slice nascent acetic acid cannot be 
dealt with and accumulates. It is necessary to assume the nascent state of acetic 
acid as a participant of the reaction, since added acetic acid is completely inert. 
The difficulties implied in the assumption of the collision of 2 mol. as short-lived 
as nascent acetic acid on the active surface are however fully realized. 

It seems that in minced brain part of the nascent acetic acid disappears in 
other reactions. There is a deficit of about 30%. Since in experiments dealing 
with the dismutation of ketoglutaric acid almost the theoretical amount of 
succinic acid is found, this deficit cannot be due to a further oxidation of 
succinic acid. 

(3) Differences of the aerobic and anaerobic metabolisms of pyruvic acid. 
McGowan & Peters [1937] first pointed out possible differences between the 
aerobic and anaerobic paths of breakdown of pyruvic acid. They observed that 
the extra O, uptake of B,-avitaminous brain catalysed by vitamin B, is the same 
in presence of pyruvate as in the presence of pyruvate+succinate. They 
argued that, if succinic acid is an intermediate of pyruvic acid oxidation, the 
saturation of succinic dehydrogenase should diminish the extra O, uptake due to 
the vitamin. Our own unpublished experiments show a similar phenomenon: 
the O, uptake of slices of normal rat brain in presence of pyruvic acid + succinic 
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acid is almost an arithmetical summation of the O, uptakes observed with either 
of the substrates alone. This has even been observed with mixtures of glutamic 
and succinic acids [cf. Weil-Malherbe, 1936, 1, Table IV, last exp.] and of keto- 
glutaric and succinic acids. Now the character of succinic acid as an intermediate 
in the oxidative breakdown of glutamic and ketoglutaric acids cannot be disputed 
and yet saturation of succinic dehydrogenase by added succinic acid does not 
diminish the oxidation of its precursor. Although this is difficult to understand, 
the argument of McGowan & Peters loses much of its force in view of these 
observations. 

The ingenious conception of the “citric acid cycle” [Krebs & Johnson, 1937, 
2] has, however, shown a path of pyruvic acid breakdown which is probably not 
accessible anaerobically, since it depends on a continuous supply of oxaloacetic 
acid and any oxaloacetic acid present would be rapidly reduced anaerobically. 
This, and the great number of oxidative reactions involved, makes it impossible 
that the succinic acid which is formed anaerobically from pyruvic acid is formed 
via citric acid. On the other hand, the evidence which has previously been 
presented [Weil-Malherbe, 1936, 1; 1937, 1] in support of the hypothesis that 
ketoglutaric acid is an intermediate of succinic acid formation can be satis- 
factorily explained by the “citric acid cycle”’. 

There is, of course, no reason why the mechanism of succinic acid formation 
which operates anaerobically should not also occur aerobically. The large 
amount of succinic acid arising from pyruvic acid anaerobically in minced 
brain certainly does not suggest that this reaction is only an unimportant by- 
path of the oxidation. The conditions under which synthesis of citric acid 
occurs in preference to the direct synthesis of succinic acid are still a problem 
for future research. 


Ill. The anaerobic metabolism of «-keto-acids in presence of brilliant 
cresyl blue 


It has already been briefly reported [Weil-Malherbe, 1936, 2] that the CO, 
evolution from «-keto-acids under anaerobic conditions can be greatly accelerated 
by the addition of brilliant cresyl blue. Brilliant cresyl blue was chosen because 
it is less toxic to brain tissue than other dyes [Dickens, 1936], and secondly, 
because there is hardly any formation of acid upon its reduction. Brilliant cresyl 
blue is itself slightly acid. It was titrated by tipping a certain quantity of the 
solution of the dye into bicarbonate solution and measuring the CO, liberated 
manometrically. The dye was then neutralized by the addition of the calculated 
amount of bicarbonate, so that no pressure changes were observed when the 
neutralized dye was tipped into bicarbonate saline. The reduction of 112 yl. 
of neutralized dye by cysteine in bicarbonate solution at pH 7-4 set free 8-5yl. 
of CO,. This correction has been applied to all results. The experiments were 
carried out with brain slices in bicarbonate-saline in an atmosphere of 95% N, 
and 5°% CO, with chromous chloride in the centre well. The dye was tipped in 
from the side bulb after the absorption of oxygen had ceased. 

The catalytic effect of brilliant cresyl blue disappears as soon as it is reduced, 
and is therefore due to its capacity as hydrogen acceptor. In this respect it can 
replace oxygen to a certain extent. From the time in which a certain quantity 
of dye is reduced by the tissue a Q value can be calculated. If this Q value is 
compared with the quantity of CO, evolved in the same period it appears that 
Vise? Aco, =2:1. Since 2 mol of dye correspond to 1 mol. of O, in their capacity 
as hydrogen acceptors the relation Qo, : Qiye. corresponds to the R.Q. The values 
of this ‘‘dye-R.Q.”’ agree very well with the aerobic R.Q. (Table VIII). 


Biochem. 1937 xxx1 140 








2214 H. WEIL-MALHERBE 


Table VIII. Decarboxylation of keto-acids in presence of brilliant cresyl blue 


Guinea-pig brain slices in bicarbonate-saline. The slices were used immediately for Exp. 2 and 


after 1 hr. shaking in O, for Exp. 1. 
Time R.Q. 
of de- aerobic- 


color. ally (av. 
Substrate mg. pl.dye min. pl.CO, Qiyer cog R.Q. values) 
Exp..1: 
0 19-39 70 90 34-5 1-20 1-19 0-99 1-00 
M/100 pyruvate 12-90 70 65 46-4 2-50 3-32 1-33 1-28 
M/100 ketoglutarate 19-30 70 36-9 1-81 1-91 1-06 1-10 
0 10-86 0 - — _ 0-65 —_ 
M/100 pyruvate 16-07 0 — — 1-72 — 
M/100 ketoglutarate 12-95 0 - — — 0-95 — 
Exp. 2: 
U 14-33 0 - —_ 1-00 — 
13-93 65 32-5 “38 2-33 1-00 
32-93 130 t 6. 2-3 2-33 1-02 
M/100 ketoglutarate 13-29 0 aa _ ~- 1-21 a 
16-56 65 2 34-6 3-68 3-91 1-06 
26-30 130 40 64-6 3-70 3-68 0-99 


These results do not agree with those of Lipmann [1937], who, studying the 
oxidation of pyruvic acid by a washed brei of rat brains in presence of methylene 
blue, finds 1 mol. of CO, per mol. of dye reduced. This would correspond to 
R.Q. 2, i.e. the product of oxidation of pyruvic acid would not be dehydrogenated 
by the dye. This is the more surprising, as we have found that in minced brain 
a considerable proportion of succinic acid is formed even in absence of a dye and 
this would certainly reduce part of the dye without giving rise to CO, production. 

The disagreement between our results and those of Lipmann becomes still 
larger, if, as in Lipmann’s results, the CO, which is formed in absence of the dye 
is subtracted from the value observed in presence of the dye. When we do this, 
we find only 1 mol. CO, per 3-4 mol. of dye, a proportion which would be 
difficult to interpret. The proportion we expect, if the dye acts as a substitute 
for O,, is that of 2 mol. dye to 1 mol. CO,, and this we do in fact observe with 
remarkable accuracy if we do not take into account the CO, formed in absence 
of the dye. We conclude from this that the processes which underly the CO, 
evolution in absence of the dye are not simply accelerated in presence of the dye, 
but that they are stopped and replaced by other processes. Only thus can the 
absence of an additional effect of the dye be explained. As we have seen, the 
processes underlying the decarboxylation of «-keto-acids under strictly anaerobic 
conditions are dismutations. The conditions in presence of a dye approach those 
prevailing in presence of O,, and it seems that, under these conditions, dismuta- 
tions are suspended and replaced by direct dehydrogenation. Lipmann [1937] 
has come to the same conclusion by different reasoning. 

The opposite view is put forward by Krebs & Johnson [1937, 1] who incline 
to the theory that a dismutation is an obligatory mechanism preceding the 
decarboxylation even under aerobic conditions and point out that the dis- 
appearance of pyruvic acid is, in some cases, almost as large anaerobically as 
aerobically. But, if the same dismutation were to precede the aerobic and the 
anaerobic oxidations, the rate of anaerobic disappearance should be twice that 
of the aerobic disappearance, since anaerobically the reduced equivalents 
accumulate, whereas aerobically they are largely reoxidized. Two metabolic 
figures which can more justly be compared are the anaerobic and aerobic 
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CO, evolutions. We find that the anaerobic CO, evolution by brain slices is, in 
presence of pyruvic acid, at least three times smaller and, in presence of keto- 
glutaric acid, at least five times smaller than the aerobic CO, evolution. 


SUMMARY 


The anaerobic metabolism of pyruvic and «-ketoglutaric acids in sliced and 
minced brain has been studied. 

The following facts have been observed: 

(1) The relation, pyruvic acid disappearance : lactic acid formation : CO, 
evolution=2:1:1 in both slices and mince, indicating a dismutation of 
pyruvic acid. 

(2) With brain slices about 80% of the theoretical amount of acetic acid is 
found. The remaining 20° is accounted for by succinic acid. 

(3) With minced brain only about 10% of the theoretical amount of acetic 
acid is found. The yield of succinic acid, on the other hand, is increased and 
accounts for about 60%, of the oxidized pyruvic acid. The deficit of 0% 
not accounted for by B-hydroxybutyric acid. 

(4) The relation, ketoglutaric acid disappearance : succinic acid formation 
hydroxyglutaric acid formation : CO, evolution=2: 1:1: 1, in both slices and 
mince, indicating a dismutation of ketoglutaric acid. 

The evidence for the formation of I(—)x-hydroxyglutaric acid consists (a) in 
the formation of a substance which is oxidized by an enzyme extract under 
conditions characteristic for /(— )x-hydroxyglutaric acid, (b) in the formation of a 
substance the optical properties of which agree with those of 1(—)«-hydroxy- 
glutaric acid, (c) in the isolation of zinc hydroxyglutarate. 

(5) The anaerobic decarboxylaticn of «-keto-acids is accelerated by the 


addition of brilliant cresyl blue. The relation of dye reduced : CO, evolved= 
2: 1, if the CO, evolution in absence of the dye is not subtracted. 


The following conclusions are drawn: 

(1) The decarboxylation of «-keto-acids is an oxidative process. 

(2) The conversion of pyruvic acid into succinic acid is brought about by an 
oxidative condensation of 2 mol. of nascent acetic acid. The hydrogen acceptor 
for this reaction is not pyruvic acid and is probably available in small amounts 
in the slice and liberated upon destruction of the cell. 

a-Ketoglutaric acid is probably not an intermediate in this reaction. 

(3) Dismutations of «-keto-acids occur only under strictly anaerobic con- 
ditions. They are replaced by dehydrogenations in presence of oxygen or of a 


dye. 


I wish to thank Prof. Clemo, King’s College, Newcastle upon Tyne, for allowing 
me to use the polarimeter in his Department. 
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In the present paper, an attempt is made to elucidate the mechanism by which 
galactose is transformed into glucose in the animal body. That such a trans- 
formation takes place has been established beyond doubt by observations on 
galactose assimilation (1) in the diabetic patient [Voit, 1892; Brasch, 1908; 
Roe & Schwartzmann, 1932; Kosterlitz & Wedler, 1933, 1], and (2) in animals 
with phlorhidzin and pancreatic diabetes [Sandmeyer, 1895; Brasch, 1908; 
Kosterlitz & Wedler, 1933, 2; Bollman & Mann, 1934]. Further, the liver glycogen 
formed by non-diabetic animals after galactose ingestion is composed of glucose 
units only [Cramer, 1902; Jewel, 1932; Harding e¢ al. 1934; Bell, 1936]. There 
is not sufficient experimental evidence available to decide whether the transfor- 
mation of galactose into glucose takes place directly or with glycogen as an 
intermediate. 

With regard to the site of this transformation, the experiments of Draudt 
[1913] on the dog with an Eck’s fistula, and particularly those of Bollman et al. 
[1935] on the hepatectomized dog, have proved that the liver is at least an 
important, if not the only organ in which galactose can be transformed into 
glucose. 

Nothing is known about the intermediate stages of this process. Robinson 
[1927] brought forward a tentative suggestion that galactose may be phos- 
phorylated in position 4, and that a Walden inversion may take place on 
subsequent hydrolysis of this ester. Oldham & Robertson [1935] succeeded in 
transforming glucose into galactose by chemica] means. On alkaline hydrolysis 
and subsequent acetylation of 4-p-toluenesulphonyl-2:3-dibenzoyl-6-trityl-«- 
methylglucoside they obtained 2-acetyl-3:4-anhydro-6-trityl-«-methylhexoside 
which, treated with dry hydrogen chloride in acetone solution, yielded a mixture 
containing the monoacetone derivatives of «-methylgalactoside and «-methyl- 
guloside. In modification of Robinson’s suggestion they postulated therefore 
that anhydro-formation may be a necessary precursor to a Walden inversion by 
which glucose is transformed into galactose. In a similar manner, Miiller [1935] 
succeeded in transforming 3:4-anhydro-8-methylgalactoside into derivatives of 
glucose and gulose. 

It would be of interest to know whether or not a galactosephosphate is 
formed during alcoholic fermentation of galactose. Nilsson [1930] was able to 
isolate from the products of fermentation of galactose by dried galactose-adapted 
yeast a hexosediphosphate which resembled that formed during fermentation 
of glucose, fructose and mannose. The hexosemonophosphate also isolated by 
him was not subjected to an analysis with regard to the hexose component. 

1 Carnegie Teaching Fellow. 
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Grant [1935] also investigated the phosphoric esters occurring during fermenta- 
tion of galactose by adapted yeast preparations and was unable to detect a 
galactosephosphate. The synthetic galactose-6-phosphate was not fermentable. 

That galactose may undergo phosphorylation during intestinal absorption 
was suggested by Laszt & Siillman [1935] and by Verzar & Siillman [1937] who 
found that such absorption was accompanied by an increase of organic phosphate 
in the mucous membrane of the intestine. 

In the present research the acid-soluble organic phosphorus of the liver is 
examined with a view to determining whether or not a galactosephosphate 
occurs in this organ during assimilation of galactose. 


EXPERIMENTAL 
Methods 


(1) Isolation of the phosphoric esters. Robison’s method [1922] was followed 
with slight modifications. Rabbits, fasted for 24 hr. previous to the experiment, 
were fed with a solution of either sodium chloride, glucose or galactose by 
stomach tube and were killed 1-2 hr. later by stunning. The livers were excised 
as quickly as possible, passed through a cold mincer, weighed and extracted with 
4-2 vol. of 6% trichloroacetic acid. After filtration, 96°% alcohol was added to 
give a final concentration of 60%. After 1-2 hr. standing at 0°, the material was 
centrifuged and the supernatant fluid decanted from the glycogen and brought 
to pH 8-4 (phenolphthalein) with baryta. A precipitate containing the total 
phosphates was thus obtained. On extracting this precipitate with 10 times its 
weight of water, part of it dissolved and was again precipitated with alcohol. 
The water-insoluble part was dissolved in 0-25 N hydrochloric acid, the sulphate 
centrifuged off, and the resulting bile-stained fluid again brought to pH 8-4 and 
centrifuged ; the process was repeated twice. In this way part of the insoluble 
fraction became soluble in water from which it was finally precipitated with 
alcohol. This precipitate was added to that obtained from the originally water- 
soluble fraction, and the combined precipitates were dried. The material was 
then dissolved in 50 times its weight of water to which was added sufficient dilute 
acetic acid to give a clear solution. This solution was treated with mercuric 
acetate and the precipitate filtered off and discarded. After removal of the 
excess of mercury in the usual way, the barium salt was again formed. The 
treatment with mercuric acetate was repeated, since nitrogen was still present 
in most instances. Finally, the barium salt was further purified by 6 successive 
precipitations with alcohol from water. 

(2) Estimation of the galactose and glucose contents of the phosphoric esters and 
of their hydrolysis products. The phosphoric esters were prepared for analysis by 
dissolving 10-20 mg. of the barium salts in water and removing the barium by 
addition of an equivalent quantity of 0-02 N sulphuric acid; to ensure the com- 
plete removal of barium 1 drop of a saturated solution of sodium sulphate was 
added. 

The hydrolysis products were obtained in the following manner: 10-20 mg. 
of the barium salts were dissolved in 2-3 ml. of water and the barium removed 
by 0-02 N sulphuric acid; sufficient water to bring the solution to a volume of 
9 ml. and 1 ml. of N sulphuric acid were then added. The hydrolysis was carried 
out at 100° for 63 hr. (Exp. 5) and 69 hr. (Exps. 7 and 9). Baryta and 1} vol. of 
alcohol were then added to remove sulphuric acid and inorganic and unhydrolysed 
organic phosphate. After centrifuging, the aqueous alcoholic solution of the free 
sugars was removed and evaporated under reduced pressure to a volume of 
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about 5 ml. This aqueous solution was neutralized with dilute sulphuric acid 
and, after being freed from barium by the addition of 2 drops of a saturated 
solution of sodium sulphate, was made up to 25 ml. 

The reducing powers of the ester solution and the hydrolysis products were 
determined in quantities of 2 ml. by the Hagedorn-Jensen method, the period of 
boiling being extended to 30 min. The “‘fermentable hexoses” (glucose, fructose 
and mannose) were then removed from each by means of a pure strain of 
S. Ludwigit which had been subcultured on a yeast extract containing 6% of 
sucrose. To 10 ml. of ester and of the free sugar solution 1 ml. of a 22% sus- 
pension of the yeast was added giving a 2% concentration of yeast. This 
mixture was incubated at 37° for 90 min., the tubes being shaken every 15 min. 
After removal of the yeast by centrifuging, the change in reducing powers of the 
esters and hydrolysis products caused by treatment with S. Ludwigii was 
determined. For this purpose 2 ml. of each solution were used and allowance 
made for the increased dilution. Finally, the solutions which had been fermented 
by S. Ludwigit were submitted to a second fermentation designed, in this 
instance, to remove galactose. The residual reduction was then determined. 
To 5 ml. of each solution was added 1 ml. of a 12% suspension in water of S. 
cerevisiae Frohberg which had been subcultured on a yeast extract containing 
5% of galactose. This mixture was incubated at 28° for 90 min., the tubes 
being shaken every 15 min. After centrifuging, the residual reductions were 
determined in quantities of 2 ml., allowance for dilution being again made. 

Under the conditions described, S. Lwdwigii completely removes glucose in a 
concentration of 0-05%, while galactose is not attacked [see also Kosterlitz, 
1932].1_ This yeast strain was chosen because it does not become adapted to 
ferment galactose by being grown on hydrolysed lactose [Slator, 1908]. The 
fact that the fermentation rate of mannose is approximately half that of 
glucose and fructose is of no significance in the present work as has been shown 
by experiment: if mannose is present at all, its concentration is so small that after 
incubation for 90 min. fermentation is sufficiently complete; continuation of 
incubation for a further 90 min. has not resulted in a further decrease in reducing 
power (Exp. 3, fermentation of phosphoric esters; Exps. 7-9, fermentation of 
the free sugars after acid hydrolysis). The galactose-adapted strain of S. cere- 
visiae Frohberg completely removes galactose in a concentration of 0-035%. 
Care was taken throughout that the concentrations of sugars did not exceed 
those of the control experiments. 

Harding & Grant [1931] proved that it is possible, by the use of two yeast 
strains as described, to estimate galactose and glucose in aqueous solutions and 
in Folin-Wu blood filtrates. Further, Harding et al. [1934] have shown that the 
same holds for aqueous extracts of tissues (muscle, liver and the whole carcass 
of the rat), after treatment with zinc sulphate and NaOH and Lloyd’s reagent. 
Harding & Nicholson [1933] state that, in analysis of sugars by removal by 
micro-organisms, it is important to remove as far as possible the non-sugar 
reducing substances. The method used to effect this in the present experiments 
has already been described. Besides hexoses, the preparations obtained may 
contain pentoses: these are not fermentable by either yeast strain and will 
therefore increase the values of the residual reduction. Harding et al. [1932-331 
drew attention to the fact that maltose may be removed to a small extent by a 
galactose-adapted yeast. This possible source of error is ruled out in the preser.t 

1 As commercial galactose always contains some glucose, the galactose used in these control 
experiments was subjected to a fermentation with S. Ludwigii and then recrystallized several 


times from 70% ethyl alcohol. 
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instance by the experiments in which glucose and galactose have been estimated 
after acid hydrolysis. 

Our knowledge of the fermentation analysis of glucose and galactose as 
measured by changes in reduction has invariably been based on experiments 
with the free hexoses. The experiments here described constitute the first 
attempt to apply the method to the analysis of a mixture of glucose and galactose 
phosphoric esters. The results obtained with the esters, however, have been 
corroborated by applying the same method of analysis to the hexoses liberated 
from these esters by acid hydrolysis (Exps. 5, 7-9). 

(3) Estimation of phosphorus. Phosphorus was estimated by the method of 
Lohmann & Jendrassik [1926] using as a standard 0-052 or 0-078 mg. P in 
21 ml. To test the phosphoric esters for an admixture of inorganic phosphorus, 
0-052 mg. P in form of KH,PO, was added to 2 ml. of the barium-free ester 
solution containing the equivalent of about 2 mg. of the barium salt. The 
inorganic phosphorus was then precipitated by an ammonia-magnesium citrate 
mixture and the phosphorus content of the precipitate estimated colorimetrically 








[Lohmann, 1928]. ! 
RESULTS 
Table I. Fermentation analysis of unhydrolysed phosphoric esters 
(All results are given in mg. of “glucose” per 1 mg. Ba salt) 
Change in reduction 
a ees 
After fer- 
Afterfer- mentation 
mentation with 
No. of Initial with S. cerevisiae Residual 
exp. Treatment of animals reduction S. Ludwigii Frohberg reduction Remarks 
I. Control experiments 
1 Not fed 0-086 —0-041, —0-003 0-041; - 
7 Fed with 25ml. 09% 0-134 —0-076 —0-018,; 0-039, _— 
NaCl per kg. 
6 Fed with 10ml. 50% 0-128 —0-052 —0-019 0-057 Yield 32 mg. per 100 g. liver 
glucose per kg. 
8 Fed with 25 ml. 135% 0-085, —0-049 —0-011,; 0-025 Yield 67 mg. per 100 g. liver. 
glucose per kg. 025g. galactose per 100g. 
liver were add to the 
CCI,COOH extract 
Average: 
(1) Not fed or fed with 0-110 —0-059 —0-011 0-040 - 
saline 
(2) Fed with glucose 0-107 —0-051 —0-015 0-041 _ 
II. Animals fed with galactose 
2 Fed with 10ml. 50% 0-126 —0-043 —0-059 0-024 Fasted for 60 hr. 
galactose per kg. 
3 ” 0-080, +0-073;* —0-114 0-040 78 mg. Ba salt per 100 g. liver. 
P=7-13% | 
4a a 0-091, +0-060; —0-117, 0-034, Soluble in 10% precipitated by | 


30% alcohol. Yield 38 mg. per 
100 g. liver. P=5-85% 

4b ” 0-079 +0-009 —0-062 0-026 Soluble in 30% precipitated by 
60% alcohol. Yield 55 mg. per 
100 g. liver. P=6-12% 





5 za 0-073; +0-047, —0-088, 0-032, 42mg. per 100 g. liver. P= 
7-94 o/ 
9 Fed with 25ml. 135% 0-134 —0-006 ~0.093, 0-034, mg 
galactose per kg. 
Average: 0-097, +0-023; —0-089 0-032 _ 


* There was no change in reduction after a further 90 min. fermentation with S. Ludwigii. 
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Table II. Fermentation analysis of hydrolysed phosphoric esters 


Change in reduction 


(SS eee 
After fer- 
After fer- mentation with 
No. of Treatment Initial mentation with  S. cerevisiae Residual 
exp. of animals reduction S. Ludwigit Frohberg reduction 


I. Control experiments 


7 Saline 0-118 — 0-085* —0-010 0-023 

8 Glucose 0-086 — 0-056,* — 0-009 0-020, 
II. Animals fed with galactose 

5 Galactose 0-142 — 0-045 — 0-079; 0-017; 

9 Galactose 0-183, — 0-084* — 0-078, 0-021 


* After a further 90 min. fermentation with S. Ludwigii there was an insignificant increase in 
reduction (0-006). 


Discussion 


(1) Initial reduction. The initial reduction of the unhydrolysed phosphoric 
esters varies but little with the treatment to which the animals have been 
subjected. This is shown by the reducing values, stated in mg. of glucose per 
100 mg. of barium salts, viz. 11 for the animals which have received no sugar, 
10-7 for those given glucose and 9-75 for those given galactose. The initial 
reduction of all the ester preparations obtained is too low for any of the known 
hexosemonophosphates although the phosphorus content (5-85-7-94%) agrees 
best with a monophosphate. There is probably an admixture of non-reducing 
esters in all preparations. 

Acid hydrolysis for 69 hr. does not change very much the reducing value 
of the esters obtained from the control animals whether or not they have been 
fed with glucose: from 13-4 to 11-8% in Exp. 7, and from 8-55 to 8-6% in 
Exp. 8. It is doubtful whether the hydrolysis was complete, since the reducing 
power of a hexosephosphate is smaller than that of the corresponding free sugar. 
But, on the other hand, similar treatment of the esters obtained from animals 
fed with galactose caused a marked increase in reducing power: from 7-35 to 
14-2% in Exp. 5 (hydrolysed for 63 hr. only), and from 13-4 to 18-35% in 
Exp. 9. This appears to suggest that acid hydrolysis liberates a reducing 
substance from the esters present in the livers of rabbits assimilating galactose, 
but not from the esters found in control animals. 

(2) S. Ludwigii—fraction (glucose, fructose and mannose). On fermentation 
by S. Ludwigii there is a definite decrease in the reducing power of the un- 
hydrolysed esters of the control animals: 5-9°/ when no sugar was given, and 
5-1% when glucose was given. Acid hydrolysis appears to increase slightly this 
loss in reduction: from 7-6 to 8-5 % in Exp. 7, and from 4-9 to 5-65 % in Exp. 8. 
On the other hand, S. Ludwigii fermentation of the unhydrolysed esters obtained 
from galactose-fed animals caused in four out of six experiments a marked 
increase in reduction, a decrease was found only in two instances (Exps. 2 and 9). 
S. Ludwigii fermentation of the hydrolysed esters of the galactose-fed animals, 
however, invariably caused a decrease in reduction similar in magnitude to that 
of the esters, unhydrolysed and hydrolysed, of the control animals. This 
observation, together with the increased initial reduction after acid hydrolysis 
of the esters from the galactose animals, suggests that fermentation with 
S. Ludwigii of the unhydrolysed esters liberates a reducing substance which 








bo 


222 H. W. KOSTERLITZ 


itself cannot be fermented by this yeast, but which is fermented by the 
galactose-adapted S. cerevisiae Frohberg as will be seen in the next paragraph. 
A possible explanation for the decrease in reduction in Exps. 2 and 9 will be 
given later. 

(3) S. cerevisiae Frohberg (galactose-adapted) fraction. There is only a slight 
decrease in reduction during S. cerevisiae fermentation of the unhydrolysed and 
hydrolysed esters obtained from the control animals, viz. 0-3-1:9%. The 
unhydrolysed esters found in the livers of the galactose animals, on the other 
hand, show a very marked decrease in reduction, viz. 5-9-11-75%, and it 
appears that the reducing substance which has been liberated during the 
fermentation with S. Ludwigii has now been fermented by the galactose-adapted 
S. cerevisiae Frohberg. The loss in reduction of the hydrolysed esters, obtained 
from the galactose-fed animals, is slightly but probably not significantly lower 
than that of the corresponding unhydrolysed esters (Exp. 5, 8-85 and 7-:95%; 
and Exp. 9, 9-35 and 7-85%). 

(4) Residual reduction. There is no significant difference in residual reduction 
between the esters from the control animals and those from the galactose-fed 
ones, only slightly higher values being obtained with the former. 


The fact that only the esters obtained from the galactose animals show a 
definite decrease during fermentation with S. cerevisiae Frohberg strongly suggests 
the presence of a galactose compound in the organic phosphorus fraction of the 
livers of these animals. One possible objection, however, has to be considered. 
The livers of animals assimilating galactose always contain considerable 
quantities of free galactose which might conceivably be adsorbed on the 
organic phosphorus fraction. In control experiment 8, however, galactose was 
added to the trichloroacetic acid extract of the livers, and no galactose was 
found in either the unhydrolysed or the hydrolysed esters. Hence this objection 
can fairly safely be ruled out. 

If this galactose compound is a galactosephosphate, the rates of increase in 
inorganic phosphorus and in reducing power during acid hydrolysis should be 
in a definite relationship. From the curves in Fig. 1 it may be seen that in the 
first 7} min. of hydrolysis with 0-1 N sulphuric acid the esters from Exp. 9 
(galactose-fed) show a liberation of 1-84 mg. P per 100 mg. barium salt, and an 
increase of reduction equivalent to 9-3 mg. of “glucose’’, while the esters from 
Exp. 8 (glucose-fed) show only a very small and possibly insignificant change in 
both values. The further course of the curves is irrelevant as far as the present 
investigation is concerned. The increase in reduction of the esters from Exp. 9 is 
equal to the loss in reduction during fermentation with S. cerevisiae of the 
unhydrolysed esters of the same experiment (Table I). If one considers that, 
under the experimental conditions of this investigation, the reducing power of 
galactose is 75% of that of glucose, the ratio of galactose to phosphorus is 
6-7: 1. The theoretical ratio calculated for galactosemonophosphate is 5-8 : 1. 

From the figures obtained the author feels justified in accepting not only that 
a galactosephosphate occurs, but also that it is either non-reducing or has a very 
small reducing power. The evidence is twofold: (a) the increase in reduction 
caused by hydrolysis of the esters obtained from the galactose-fed animals is 
much greater than that of the esters from the control animals (difference between 
initial and residual reductions for esters of control and galactose-fed animals 
before hydrolysis is 6-8 and 6-55°% respectively, and after hydrolysis 8-0 and 
14-4°%), and (6) fermentation by S. Ludwigii of the unhydrolysed esters from 
the galactose-fed animals liberates a reducing substance fermentable by 
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S. cerevisiae Frohberg. Whether this liberation of galactose during S. Ludwigit 
fermentation will cause an increase or a decrease in reduction will depend on the 
ratio of galactosephosphate to glucosephosphate. 

Increase in Liberation 


reduction, of inorganic 
expressed P, expressed 



























as mg. “glucose” in mg. P 
per 100 mg. _per 100 mg. 
barium salt barium salt Inorganic P 
10 — 2-0 
Exp. 9 
no I*8 Reduction 
&- I*6 
7- 1-4 
= 1+2 
5§=- 0 | 
4- 06+ 
3— 06 + 
2- 0-4 Inorganic P dg 
} Exp. 8 
Reduction 
= +2 
| 
ies 0 _l j ia 
75 15 30 60 minutes 


Fig. 1. Hydrolysis in 0-1N H,SO, at 100°. Concentration of esters: Exp. 8, 1-33 m.molar, 
Exp. 9, 1-26m.molar. The unhydrolysed esters contained no inorganic P. 


If a non-reducing galactose ester occurs, the galactose of which is liberated 
by the action of S. Ludwigii, it is evident that the algebraic sum of the changes 
in reduction during fermentation of the unhydrolysed esters should be approxi- 
mately equal to the loss in reduction during S. Ludwigii fermentation of the 
hydrolysed esters. 

The figures obtained are not incompatible with this view: 

Exp. 5: +0-047;—0-088, = —0-041; found: —0-045. 
ixp. 9: —0-006—0-093,; = —0-099,; found: —0-084. 

Further investigations on the nature of the galactosephosphate have still 
to be carried out, particular attention being paid to the possibility that it is a 
(non-reducing) galactose-1-phosphate analogous to the glucose-1-phosphate of 
Cori & Cori [1936]. Determination of the k of phosphorus and galactose libera- 
tion by acid hydrolysis should give further information on this point. The 
preliminary examination of the hydrolysis of the galactosephosphate already 
referred to supports this view: it is readily hydrolysed by 0-1 N sulphuric acid; 
this suggests that the phosphoric acid is linked to the reducing group of the 
galactose molecule. 
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SUMMARY 


By means of fermentation analysis with two strains of yeast, one of which 
ferments glucose, fructose and mannose, and the other which also ferments 
galactose, evidence has been brought forward that a galactosephosphate, which 
is probably non-reducing, occurs in the livers of rabbits assimilating galactose. 


I wish to record my thanks to the Diabetic Association for a grant which 
defrayed part of the expenses of this research during 1935 (Exps. 1-6) and to the 
Medical Research Council for a grant which partly defrayed the expenses during 
1937 (Exps. 7-9). I am also indebted to Dr H. B. Hutchinson of the Distillers 
Company, Ltd., who generously supplied the strains of yeast. 
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CCLXXIII. THE WATER-SOLUBLE B-VITAMINS 


X. NICOTINAMIDE AND OTHER PYRIDINE 
DERIVATIVES IN THE NUTRITION 
OF THE RAT 


By THOMAS FOTHERINGHAM MACRAE 
AND CONSTANCE ELIZABETH EDGAR 


From the Division of Nutrition, Lister Institute, London 
(Received 1 November 1937) 


In a recent publication [1937] we demonstrated that rats require for maximum 
growth four distinct factors of the vitamin B complex, one more heat-labile 
and three relatively heat-stable. These are (1) vitamin B,, (2) lactoflavin, 
(3) an unidentified factor present in an autoclaved aqueous yeast extract after 
extraction with fuller’s earth (yeast filtrate factor), (4) an unidentified factor 
present in the barium hydroxide eluate of a fuller’s earth adsorbate from an 
autoclaved aqueous yeast extract (yeast eluate factor). Nos. (2), (3) and (4) 
compose what has previously been called vitamin B,. 

Warburg & Christian [1935] found that nicotinamide was contained in the 
molecule of codehydrogenase II, prepared from red blood cells. Codehydrogenase 
II is the coenzyme required in the dehydrogenations in which the lactoflavin- 
bearing yellow oxidation enzyme also plays a part. Nicotinamide has also been 
found present in the cozymase molecule [Euler e¢ al. 1936]. Knight [1937] has 
more recently proved that nicotinic acid is one of the essential growth factors 
contained in the high-vacuum distillate from yeast extracts, required for the 
growth of Staphylococcus aureus. Since the two identified members of the 
vitamin B complex required by rats, vitamin B, and lactoflavin, have been proved 
to be essential growth factors for certain micro-organisms and since the close 
relationship between certain vitamins and enzymes is well established, it seemed 
possible that one of the two unidentified factors of the vitamin B complex 
required by rats might be identical with nicotinamide or some related compound. 

We have investigated nicotinic acid, nicotinamide and codehydrogenase II, 
the last kindly supplied by Prof. Warburg, to find if these compounds could 
replace either the yeast filtrate factor or the yeast eluate factor in rat-growth 
experiments. While these experiments were in progress, Euler & Malmberg 
[1936] have reported that, although cozymase is inactive, nicotinamide has some 
growth-promoting action for rats, but details of these experiments have not 
appeared. Elvehjem et al. [1937] recently made the important discovery that 
canine blacktongue is cured by nicotinic acid and that curative concentrates from 
liver have yielded biologically active crystals identified as nicotinamide. 


METHODS AND RESULTS 
Growth of young rats was the criterion employed. The basal diet used was 
that usually employed in this laboratory, deprived of all B-vitamins [Chick & 
Roscoe, 1928; Chick et al. 1935]. Vitamin B, was supplied as the crystalline 


( 2295 ) 








2226 T. F. MACRAE AND C, E. EDGAR 





synthetic vitamin (aneurin), except in a few of the earlier experiments, in which 
Peters’s concentrate was used. The rats also received crystalline lactoflavin, 
either the synthetic product or the natural, prepared from liver extract. 

The nicotinic acid used in the following experiments was prepared by 
oxidation of nicotine [Pictet & Sussdorff, 1898], M.p. 232°. Nicotinamide was 
obtained by the method of Pollak [1895] and was crystallized from benzene 
containing a trace of absolute ethyl alcohol, m.p. 127°. The sample of codehydro- 
genase IT used in these experiments had 60% of the enzymic activity of pure 
codehydrogenase II. (Private communication from Prof. Warburg.) 

The nicotinic acid and other pyridine derivatives were investigated for 
vitamin activity by the following three types of experiment. The compounds 
were fed to rats receiving the basal, vitamin B-deficient diet and (a) only 
vitamin B, and lactoflavin of the vitamin B complex, (6) vitamin B,, lactoflavin 
and our yeast filtrate factor, (c) vitamin B,, lactoflavin and our yeast eluate 


factor. 


(a) Effects of nicotinic acid, nicotinamide and codehydrogenase II on the growth 
of rats receiving only vitamin B, and lactoflavin of the vitamin B complex 


The animals at weaning received the basal diet supplemented by vitamin B,. 
When growth had ceased, after approximately 10 days, the animals were given 
12 daily of lactoflavin supplemented by varying doses of the pyridine deriva- 
tives; control animals received 12y daily of lactoflavin only. The weights of the 
animals were recorded over a 4-week period. Codehydrogenase II was further 
tested by feeding it to two animals which had received the basal diet supple- 
mented by vitamin B, and lactoflavin for 3 weeks. 

Comparison of the growth rates (Table I) reveals that no significant increase 
in the growth rate was effected by addition of any of the above pyridine 
derivatives. In the case of nicotinic acid a slightly increased growth rate was 


Table I. Effects of nicotinic acid, nicotinamide and codehydrogenase II on the 
grouth of rats receiving vitamin B, and lactoflavin (12y daily) of the vitamin B 


complex No. of rats 
Av. weekly incontrol Av. weekly 
gaininwt. groupre-  gainin wt. 
over a 4- ceiving no over a 4- 
No. of Vitamin B, given as __ Pyridine derivatives week period pyridine week period 
rats (daily) given (daily dose) g. derivatives g 
2 Peters’s conc. =0-3- 1 mg. nic. acid 8-1 2 71 
0-6 g. dry yeast 
9 s 5 mg. nic. acid 6:7 10 5-5 
5 Crystalline vitamin (5y 5 mg. nic. acid 4-0 3 3-2 
2 Peters’s conc. =0-3-0-6g. 1 mg. nic. amide 7-4 2 ee 
dry yeast 
4 - 5 mg. nic. amide 58 6 5:3 
2 Crystalline vitamin (5y) 40y codehy. 2-25 + 4-75 
2 100y 2 2-5 4 4-75 
2 ss 5O00y “s 1-0* -- o 


* These 2 rats, prior to dosing with the codehydrogenase II, had received vitamin B, and 
lactoflavin for 3 weeks, the average weekly gain being 2-7 g. The figure 1-0 g. weekly entered in the 
table was the average weekly weight increase during 2 subsequent weeks while receiving the co- 
dehydrogenase in addition to vitamin B, and lactoflavin. 


noted in rats receiving 1 or 5mg. daily, but the difference between these 
animals and the controls was so slight that the increase can hardly be regarded 
as significant. Feeding of 1 and 5 mg. daily of nicotinamide also caused no 
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significant increasein the growth rate, while the rats which received 40 or 100y 
daily of the codehydrogenase II preparation actually grew at a slower rate than 
the control animals. In the case of two rats, which had received lactoflavin and 
vitamin B, only of the B-vitamins for 3 weeks previously, the addition of 500y 
daily of the codehydrogenase II preparation was followed by a decrease in the 
growth rate. All the rates of weight increase shown in Table I are markedly 
subnormal. 

The addition of the yeast filtrate factor to the diet of rats receiving only 
vitamin B, and lactoflavin of the vitamin B complex causes a marked increase in 
growth rate [Edgar et al. 1937; Edgar & Macrae, 1937], while the addition of the 
yeast eluate factor under similar circumstances causes a smaller, but still 
significant, increase. It is, therefore, clear that neither the yeast filtrate factor 
nor the eluate factor can be replaced by any of the above pyridine derivatives. 


(b) Effects of nicotinic acid, nicotinamide and codehydrogenase II on the growth 
of rats receiving vitamin B,, lactoflavin and the yeast filtrate factor of the 
vitamin B complex 


Two types of experiment were employed. 

In the first series, A, the rats at weaning received the basal diet supplemented 
by vitamin B, until all weight increase had ceased ; they then received in addition 
daily 50y of lactoflavin, yeast filtrate factor corresponding to 1 g. dry yeast and 
1 mg. of nicotinic acid or nicotinamide while the control animals received no 
added pyridine derivative. The growth rates of the animals in the three groups 
over a 4-week period were nearly identical (Table II A, Fig. 1). The addition of 
the yeast eluate factor to the diet of the rats receiving nicotinic acid, however, 
resulted in an immediate increase in the growth rate. 


Table Il. Effects of nicotinic acid, nicotinamide and codehydrogenase II on the 
growth of rats receiving daily crystalline vitamin B, (10-15y), lactoflavin (50y) 
and yeast filtrate fraction (= 1 q. dry yeast) as sources of the B-vitamins 


Av. weekly wt. Av. wt. 
increase of the increase of 
group during group during 
3 weeks subse- Additional the week 
No. of Pyridine derivatives quent to dosing supplement (S) after giving S 
Series rats (daily dose) g. given later, daily g. 
A 3 1 mg. nic. acid 27, 21, 20-6 Yeast eluate factor 36-5 
(=1 g. dry yeast) 2 rats) 
3 1 mg. nic. amide 24-7, 21, 19-3 — _ 
3 — 25, 20, 18-7 Yeast eluate factor 30 
(=1 g. dry yeast) 2 rats) 
Av. weekly wt. Av. weekly wt. 
increase in group increase of group 
No. of during 2 preliminary Additional supplement (S’) after receiving S’ 
rats weeks (g.) (daily dose) g. 
B 3 18-7, 15-3 2 mg. nic. acid 16, 15-3 
3 20, 18 2 mg. nic. amide 15, 11-7 
2 17-5, 15 500y codehyd. 20, 14-5 
3 19-3, 16 None 15-3, 13-7 
3 19, 19-7 Yeast eluate factor 28, 23-7 


(=1 g. dry yeast) 


In the second series of experiments, B, the rats received the basal diet sup- 
plemented by vitamin B,, lactoflavin and yeast filtrate factor for 2 weeks; they 
then received daily in addition 2 mg. of nicotinic acid or 2 mg. of nicotinamide 











Average weight increase (g.) 
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or 0-5 mg. of the codehydrogenase II preparation for a further 2-week period. 
As controls, 3 animals were maintained on the basal diet supplemented by the 
above three vitamins of the B complex for the whole of the 4-week period, 





Fig. 1. Effects of nicotinic acid (1 mg. daily =1 nic. ac.; 2mg. daily =2 nic. ac.), nicotinamide 
(1 mg. daily =1 nic. am.; 2 mg. daily =2 nic. am.) or codehydrogenase II (0-5 mg. daily = 
codehy.) compared with that of yeast eluate factor (corresponding to 1 g. dry yeast daily = E.) 
on the growth rate of young rats receiving vitamin B, (10—-15y daily), lactoflavin (50y daily = 
L.) and yeast filtrate factor (corresponding to 1 g. dry yeast daily =F.). The arrows indicate 
the points at which the doses were changed. The figures in brackets indicate the number of 
rats from which the growth curves were derived. 


while others received, in addition to the three vitamins, the yeast eluate factor at 
the period when the experimental animals received the pyridine bases. The 
addition of nicotinic acid, nicotinamide or codehydrogenase II to the diets of the 
above animals did not cause any significant increase in the growth rate, while 
the addition of yeast, eluate factor caused the usual increase previously recorded 
by us (Table II B, Fig. 1). 

The yeast eluate factor therefore cannot be replaced by nicotinic acid, 
nicotinamide or codehydrogenase II. 


(c) Effect of nicotinic acid and nicotinamide on the growth of rats receiving 
vitamin B,, lactoflavin and yeast eluate factor of the vitamin B complex 


Rats received the basal diet supplemented by vitamin B, from time of 
weaning until they ceased to grow, when the diet was supplemented by the 
daily addition of 50y lactoflavin and of yeast eluate factor corresponding to 1 g. 
dry yeast. After 2 weeks certain animals were given a supplement of 2 mg. 
nicotinic acid and others a supplement of 2 mg. of nicotinamide while the 
remainder served as controls and received no further addition to the diet. All 
the animals were observed for a further period of 2 weeks, and at the end of this 
period, in addition to all previous supplements they received yeast filtrate factor 
corresponding to 1 g. dry yeast. No significant increase in the growth rate resulted 
on the addition of the pyridine derivatives, while the subsequent addition of the 
yeast filtrate factor caused the usual growth response (see Table III, Fig. 2; 
ef. Edgar & Macrae [1937)]). 

Therefore neither nicotinic acid nor nicotinamide can replace the yeast 


filtrate factor. 


Although it is shown above that neither nicotinic acid, nicotinamide nor 
codehydrogenase II can replace either our yeast eluate factor or our yeast 
filtrate factor it cannot be assumed that these pyridine derivatives may not, 
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Table III. Effects of nicotinic acid, nicotinamide and codehydrogenase II on the 
growth of rats receiving daily, crystalline vitamin B, (10-15y), lactoflavin (50y) 
and yeast eluate fraction (=1g. dry yeast) as sources of the vitamin B complex 


Av. wt. increase of 


Av. weekly wt. the group for the 

Av. weekly wt. increase of group for weeks after giving 

increase of group 2 weeks after giving yeast filtrate factor 

No.of for2 preliminary Pyridine derivatives the pyridine deriva- (=1 g. dry yeast) 
rats weeks (g.) (daily dose) tives (g.) g. 
3 14, 8-7 2 mg. nic. acid 4-7, 5-3 16 

3 14, 6-7 2 mg. nic. amide 4-3, 3-3 17-3 

3 16-5, 8 _ 5, 6 15 


20 


Average weight increase (g.) 





0 

Fig. 2. Effect of nicotinic acid (2 mg. daily =2 nic. ac.) or nicotinamide (2 mg. daily =2 nic. am.) 
compared with that of yeast filtrate factor (corresponding to 1 g. dry yeast daily=F.) on 

the growth rate of young rats receiving vitamin B, (10—15y daily), lactoflavin (50y daily = L.) 
and yeast eluate factor (corresponding to 1 g. dry yeast daily =E.). Other details as in Fig. 1. 


nevertheless, be dietary factors for rats, for it is possible that either or both the 
yeast eluate factor and the yeast filtrate factor are complex in nature and may 
contain one of these pyridine derivatives as an essential constituent. Since yeast 
contains cozymase and other pyridine derivatives it seems likely that one or 
both of the yeast fractions containing these dietary factors will contain 
nicotinamide or other pyridine derivatives." 


The presence of a growth factor for rats distinct from nicotinamide in an 
amyl alcohol extract of liver extract 


Elvehjem & Koehn [1935] and Koehn & Elvehjem [1937] have reported that 
an amy] alcohol extract of liver extract, previously treated with fuller’s earth, 
prevented dermatitis in chicks and cured canine blacktongue. After further 
purification, the amyl alcohol extract retained its activity both for chicks and 
dogs. These authors therefore suggested that these physiological effects are 
probably due to the same factor. A growth-promoting factor for rats present in 
liver extract after exhaustive extraction with fuller’s earth has been described 
by Lepkovsky et al. [1936]. They presume this factor to be identical with the 
anti-chickdermatitis factor which, as already stated, in turn is regarded by 
Koehn & Elvehjem [1937] as probably identical with the anti-blacktongue factor. 


1 Since submitting this paper for publication we have isolated nicotinamide from the yeast 
eluate fraction. (Found: C, 59-4; H, 5-0; N, 22-1%. CsHgON, requires: C, 59-0; H, 4-9; N, 22-9.) 
M.P. 127°; mixed M.P. with authentic specimen of nicotinamide, 127°. M.p. of chloroaurate, 
234-236° (decomp.); M.P. of chloroaurate of authentic specimen of nicotinamide, .235-237° 


(decomp.). 
Biochem. 1937 xxx1I 
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Recently Elvehjem et al. [1937] have isolated from liver concentrates a crystalline 
compound which cured canine blacktongue and was identified as nicotinamide. 

The experiments reported in the present paper, however, show that 
nicotinamide is not one of the dietary factors recognized as essential for rats, 
while the following experiment definitely proves the existence in liver extracts 
of a factor, extractable by amyl alcohol, which does promote the growth of 
rats, and may be identical with our yeast filtrate factor. 

500 ml. of a deproteinized liver extract (1 ml. corresponding to 2g. dry 
liver), from which the pernicious anaemia factor had been removed by treatment 
with charcoal, was adjusted to pH 1-4 with sulphuric acid and extracted six times 
with 1 litre portions of amyl alcohol. The combined amyl alcohol extracts were 
shaken three times with 500 ml. portions of dilute NaOH. The alkali extracts 
were mixed and, after neutralizing with hydrochloric acid, the amyl alcohol was 
removed by distillation in vacuo. 

The striking effect of feeding this extract (corresponding to 1 g. dry liver 
daily) to rats receiving adequate amounts of vitamin B,, lactoflavin and our 
yeast eluate fraction is shown in Table IV and Fig. 3. There was an immediate 


Table IV. Growth-promoting action of an amyl alcohol extract prepared from 
aqueous liver extracts for rats receiving vitamin B, (10-15y), lactoflavin (50y) 
and yeast eluate fraction (=1 g. dry yeast) 

Weekly wt. increase 

Weekly wt. increase during 2 weeks after 

during 2 preliminary receiving the extract 


Rat , weeks (g.) from liver (g.) 
822 3 15, 9 32, 21 
828 2 15, 10 24, 15 
829 2 13, 10 26, 17 


20 


Average weight increase (g.) 
s 





0 


Fig. 3. The effect of amyl alcohol extract from liver extract on the growth rate of three rats 
receiving crystalline vitamin B, (10-15y daily), lactoflavin (50y daily =L.) and yeast eluate 
factor (corresponding to 1 g. dry yeast daily =E.). The arrows indicate the points at which 
the amyl alcohol extract (corresponding to 1 g. dry liver daily =A.) was given. | 


increase in the growth rate, similar to the effect produced by feeding the yeast 
filtrate fraction to rats receiving the basal diet with similar supplements [cf. 
Edgar & Macrae, 1937]. Further investigation will decide whether the substance 
thus prepared from liver extract is identical with our yeast filtrate factor. Since 
in our experiments neither nicotinamide nor the other pyridine derivatives had 
the biological activity for rats exhibited by this amyl alcohol extract from liver, 
it follows that there is present in this extract a growth factor for rats distinct 
from these pyridine derivatives. The essential dietary factors for the rat and 
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the dog present in amyl alcohol extracts from liver must therefore be regarded as 
distinct. This is not surprising for it has long been recognized, in this and other 
laboratories [Birch et al. 1935; Rhoads & Miller, 1935; Chick, unpublished 
experiments], that rats will thrive on diets which induce the development of 
blacktongue in dogs. Whether the chick factor contained in the amyl alcohol 
extract from liver extract is the same as the rat or the dog factor, or is distinct 
from both, must be decided by further experiment. 


SUMMARY 


1. Neither nicotinic acid, nicotinamide nor codehydrogenase II could 
replace either the yeast filtrate factor or the yeast eluate factor in the diet of the 
rat, as tested by observations on growth. 

2. Amy] alcohol extracts prepared from liver extracts contain a growth 
factor for rats which is distinct from the anti-blacktongue factor contained in 
such preparations, identified by Elvehjem et al. [1937] as nicotinamide. 


We record our gratitude to Dr H. Chick for her advice and criticism, also to 
Prof. Warburg, who kindly presented the codehydrogenase II. We gratefully 
acknowledge gifts of a liver concentrate from Messrs Glaxo Laboratories, Ltd., 
and of lactoflavin from Messrs Hoffmann-La Roche and from Dr Sydney Smith of 
Messrs Burroughs Wellcome and Co. 
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CCLXXIV. OBSERVATIONS ON THE EXCRETION 
OF ASCORBIC ACID IN URINE 


By HAROLD SCARBOROUGH anp CORBET PAGE STEWART! 
From the Biochemical Laboratory, Royal Infirmary, Edinburgh 


(Received 15 October 1937) 


Ir is well known that 2:6-dichlorophenolindophenol in acid solution oxidizes 
not only ascorbic acid but many other substances which may or do occur in 
normal urine. Hence the direct titration of urine with the indophenol does not 
constitute a specific method of estimating ascorbic acid. Certain interfering 
substances, such as glutathione, react slowly, and, though they make the end- 
point of the titration rather vague, do not seriously affect the result [Bessey & 
King, 1933; Harris et al. 1933]. Others, however, such as thiosulphates, react 
as rapidly as ascorbic acid itself; they ought therefore to be removed as an 
essential preliminary to any titration with indophenol, and a suitable method of 
precipitation by mercuric acetate has been suggested by Emmerie [1934], 
Emmerie & van Eekelen [1934], and van Eekelen [1934]. 

In attempting to estimate ascorbic acid in urine, using the preliminary 
treatment with mercuric acetate, we encountered certain peculiarities of 
behaviour which led us to investigate the matter further. 


EXPERIMENTS AND RESULTS 


All urine used was freshly passed, immediately acidified with acetic acid 
(10 ml. of glacial acetic acid per 100 ml. of urine) and submitted to the experi- 
mental procedure. The preliminary treatment which we used was a modification 
of that recommended by Emmerie & van Eekelen [1934]. To the urine, acidified 
with acetic acid, an equal volume of water was added, and this was followed by 
the same volume of a 20% solution of mercuric acetate. The mixture was then 
immediately centrifuged, the precipitate was discarded, and the excess of 
mercury removed from the solution by hydrogen sulphide which was passed in 
within 5 min. of the mercuric acetate being added. After removal of mercuric 
sulphide by filtration, dissolved hydrogen sulphide was removed by a current 
of carbon dioxide. Emmerie & van Eekelen [1934] recommend diluting the 
urine with six times its volume of water and adding a half volume of mercuric 
acetate. We wished, however, to avoid excessive dilution, which makes the 
end-point in the indophenol titration difficult to observe, and therefore chose the 
conditions which, with minimum dilution, gave a colourless final solution and 
allowed the maximum removal of indophenol-reducing substance. The substance 
(or substances) so removed cannot be ascorbic acid, since the treatment did not 
precipitate ascorbic acid from pure solution, and, moreover, additional ascorbic 
acid added to urine could be quantitatively accounted for by indophenol 
titration after the mercuric acetate treatment. These points are of some im- 
portance, since we used more mercuric acetate than did Emmerie & van Eekelen 
and, as Emmerie found (and we have confirmed), an excessive amount of the 
reagent causes the re-solution of the precipitated interfering substances. 

Since the preliminary treatment with mercuric acetate does not affect the 
ascorbic acid content of the urine, and since it removes at least some of the 

4Jn receipt of a part-time grant from the Medical Research Council. 
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intertering substances including (as van Eekelen suggests [1934]) and as we 
have confirmed) thiosulphate, besides giving a clear colourless solution for 
titration, we have adopted it in all the experiments described in this paper. 
For the actual titration we have added the ascorbic acid solution from a burette 
to a measured volume of the standard indophenol solution acidified with acetic 
acid, so obtaining a clearer end-point than is yielded by the reverse procedure. 

The removal of excess mercuric acetate by hydrogen sulphide is, of course, 
complete in a few minutes. Emmerie & van Eekelen [1934], however, after 
saturating the solution with hydrogen sulphide, allowed it to stand overnight 
before completing the procedure. In order to see whether this was necessary, we 
filtered off the precipitated mercuric sulphide as soon as possible (10—15 min.) 
and kept the filtrate saturated with hydrogen sulphide, removing samples at 
intervals for titration (the hydrogen sulphide, of course, being swept out of 
each sample by carbon dioxide). In dealing with urine in this way, we found 
that the amount of indophenol-reducing substance (I.R.P.) increased to a 
maximum which was reached only after 72 hr. treatment with hydrogen 
sulphide (Table I). Incidentally, it may be remarked that we have found lemon 


Table I 
Figures represent I.R.P., mg. per 100 ml., calculated as ascorbic acid 
Hours of 
reduction Urine Lemon juice 
0 1-4 64-7 . 
24 4-6 73-8 
48 5-5 — 
72 7-5 76-1 
96 75 77-0 
120 7-5 76-9 
Table II 


mg. 1.R.P. per 100 ml. 


Solution of | Dehydroascorbic 


Hours of dehydroascorbic acid added 
reduction acid to urine 

0 0 0 

10 min. 3-3 0-91 

24 hr. 8-0 2-7 

4S ,, 10-0 2-7 

Te <0 9-0 2-7 
weas 9-5 2-8 


juice to behave similarly (Table I). A solution of dehydroascorbic acid prepared 
from ascorbic acid either by simple aeration or by the aerobic action of norite, 
showed maximum indophenol-reducing power after treatment with hydrogen 
sulphide for 24 hr., and equally rapid reduction was obtained when the dehydro- 
ascorbic acid was added to urine (Table II). This difference in rate of reduction 
by hydrogen sulphide between dehydroascorbic acid and the potential indo- 
phenol-reducing substances of urine could not be ascribed to differences in pH. 
We therefore considered it possible that even after treatment with mercuric 
acetate, urine still contained (possibly associated with dehydroascorbic acid) 
some interfering substance capable of slow reduction to an indophenol-reducing 
compound. An alternative, or possibly supplementary, explanation was that 
the acetic acid present was slowly hydrolysing some compound containing 
ascorbic acid. This explanation would demand the combination of the ascorbic 
acid in some way which would destroy its reducing properties, e.g. an ester 
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linkage involving one hydroxy] of the reductone group, the possibility of which 
has been suggested by the work of Reichstein et al. [1934]. 

Van Eekelen [1934] had, actually, found the indophenol-reducing power of 
urine to be increased by boiling with 5% sulphuric acid for 15 min. in an 
atmosphere of carbon dioxide. He considered that this might be due to hydro- 
lysis of a non-reducing ascorbic acid derivative, or to the production of reductic 
acid from glycuronic acid [Reichstein & Oppenauer, 1933]. 

In our own experiments, involving the prolonged passage of a stream of 
hydrogen sulphide through the solution, there was the additional possibility 
of the formation of traces of thiosulphate. This, however, can be discounted, 
since we found that the extra indophenol-reducing power produced by the 
hydrogen sulphide treatment was not removed by addition of mercuric acetate 
and rapid precipitation of the excess mercury by hydrogen sulphide passed for 
only 10 min. (a procedure which will be referred to again as the ‘“‘rapid clearing 
process’’). Added thiosulphate was removed by such treatment. Equally, the 
extra reducing power could not be due to reductic acid formed from glycuronic 
acid, for we found that glycuronic acid, which does not itself reduce the indo- 
phenol reagent, is equally inert after treatment with hydrogen sulphide for 
72 hr., boiling with 10% acetic acid for 24 hr., or both. 

To test the hypothesis that the action of the hydrogen sulphide in the 
acidified urine was really a hydrolysis, we boiled urine containing 10% of 
acetic acid, for 24 hr. in an atmosphere of carbon dioxide, removing samples at 
intervals, and submitting them to the rapid clearing process before titration. 
There was a gradual increase in indophenol-reducing power, maximum in 18 hr. 
(Table ITI). This result confirms that of van Eekelen, andin view of the control 


Table III 
Ing. 1.R.P. per 100 ml. calculated as ascorbic acid 
Hours of ; 
hydrolysis Urine A Urine B 
0 13 1-4 
15 1-8 2-7 
7 3-3 3-8 
12 4-9 4-7 
18 6-0 55 
22 5-9 5-6 
24 6-0 5-6 


Table IV 
mg. 1.R.P. per 100 ml. calculated as ascorbic acid 
After hydrolysis 


Hours of 

reduction Urine A Urine B 

0 3-5 6-0 

24 4-7 6-8 

48 5-5 7-9 

72 7-5 8-8 

96 8-0 10-0 

120 8-0 10-1 


experiments just mentioned, it seems that it is most probably due to hydrolysis 
of some non-reducing substance. If, however, the urine, after hydrolysis has 
proceeded until the indophenol-reducing power has risen to a constant level, is 
again treated with hydrogen sulphide, a further increase in reducing power 
occurs, and this reaches a maximum constant level only after 96 hr. (Table IV). 
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It is evident, therefore, that of the total potential indophenol-reducing sub- 
stances of urine (apart from those precipitated by mercuric acetate), part is 
present as such, part in a combined hydrolysable non-reducing form, and part 
in a reversibly oxidized form identical with or analogous to dehydroascorbic 
acid. It is noteworthy that the behaviour of urine when boiled with acid is 
similar to that of vegetables as reported by (for example) Guha & Pal [1936]. 
These observers interpreted their results as indicating the presence of ascorbic 
acid in a combined form, though their interpretation has since been questioned 
[e.g. Mack, 1936]. An alternative explanation has been advanced—that boiling 
inactivates ascorbic acid dehydrogenase which, being active in the unboiled 
material, decreases the apparent amount of ascorbic acid. The results with urine, 
however, cannot be due to enzyme inactivation, and suggest that possibly the 
interpretation of Guha & Pal may be partly correct. In the case of vegetables, 
there is room for both explanations, as Levy [1936] has pointed out. 

The finding that urine contained a hydrolysable substance from which acid 
liberated an indophenol-reducing substance was capable of explaining the very 
slow increase in reducing power when acidified urine was treated with hydrogen 
sulphide. It was not necessarily the whole explanation, however, and the sus- 
picion that some substance other than ascorbic acid or its derivatives was present 
was strengthened by a study of the rate of reoxidation by air of the reducing 
substances present in urine after full treatment with acetic acid (boiling) and 
hydrogen sulphide. Whereas ascorbic acid in 10% acetic acid, or in urine to 
which 10% of acetic acid had been added, was oxidized very slowly on aeration, 
the indophenol-reducing substances of urine itself, whether untreated or boiled 
with acetic acid and then treated with hydrogen sulphide, disappeared relatively 
quickly on aeration (Table V). This certainly suggested the presence of some 


Table V 
mg. 1.R.P. per 100 ml. calculated as ascorbic acid 
Urine 
Ascorbic a 
Hours of Ascorbic acid added Before After 
aeration acid to urine hydrolysis hydrolysis 
0 10-0 2-4 4-6 6-0 
4 9-9 2-35 1-2 2-3 


substance other than ascorbic acid, and indeed, at the time the observations 
were made it seemed possible that none of the indophenol-reducing power of 
normal urine (at any rate without previous administration of large doses of 
vitamin C) was really due to ascorbic acid. Wieters [1935] and Ahmad [1936] 
had failed, by feeding experiments, to detect ascorbic acid in urine, while 
Hinsberg & Ammon [1936] had failed to detect it by chemical means. Since 
then, however, ascorbic acid has been detected in normal urine by chemical 
means [Meuwissen & Noyons, 1937; Drumm e¢ al. 1937]. The methods which led 
to the isolation of ascorbic acid derivatives were far from quantitative, and it 
was necessary to rely on other means to determine whether the ascorbic acid was 
actually accompanied by other indophenol-reducing substances as the experi- 
ments already described had suggested. 

Evidence on this point was obtained by observing the effect, on the indo- 
phenol-reducing substances of urine, of the ascorbic acid dehydrogenase dis- 
covered in cauliflower by Szent-Gyérgyi [1928] and further studied by Hopkins & 
Morgan [1936]. For the first series of experiments, urine was submitted to the 
rapid clearing process, was then boiled with 10% acetic acid for 24 hr. and 
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treated with hydrogen sulphide for a further 96 hr., after which it was again 
rapidly cleared and finally freed from hydrogen sulphide by a stream of carbon 
dioxide. The pH was adjusted to 6-0 by addition of sodium hydroxide. Enzyme 
solution, prepared as described by Hopkins & Morgan [1936], was then added 
to the treated urine (4 ml. enzyme to 20 ml. urine solution), and the mixture 
was aerated. For titration with indophenol, samples of 10 ml. were withdrawn, 
added to 2 ml..of freshly prepared 50°, metaphosphoric acid and centrifuged. 
Trichloroacetic acid, for acidifying the mixture and precipitating the enzyme, 
was avoided since it itself decolorizes indophenol. 

We used fresh enzyme solutions, prepared by expressing the juice of cauli- 
flower and diluting it with (usually) four times its own volume of water. The 
amount of dilution was varied in accordance with the results of preliminary 
experiments to test the activity of the enzyme. The dilution was always the 
maximum consistent with complete oxidation of ascorbic acid within 20 min. 
using the volumes specified above. The adjustment of the pH of the ascorbic 
acid solution to 6-0 must be made before the enzyme is added, since, when 
dealing with urine containing acetic acid, the low pH causes precipitation and 
consequent inactivation of the enzyme. 

The results of such an experiment are shown in Fig. 1. There is a rapid 
disappearance of indophenol-reducing substance, which, after half an hour, has 
fallen to half its original level (in this particular case, the magnitude of this rapid 
fall varies in different urines). Control experiments showed that ascorbic acid 
was completely oxidized by the enzyme preparation in this time. Thereafter, 
there is a slow, steady, disappearance of indophenol-reducing power which we 
suggest is due to the non-enzymic oxidation of a substance other than ascorbic 
acid. That the reducing substance still present is, in fact, not ascorbic acid is 
shown by the rapid disappearance of added ascorbic acid (Fig. 1). It is further 
demonstrated by the results of similar experiments in which the enzyme action 
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Fig. 1. Fig. 2. 


Fig. 1. Aerobic oxidation of indophenol-reducing substances of urine by cauliflower hexoxidase. 
pH 6-0. Ordinate: mg. indophenol-reducing substance per 100 ml. urine. 





Fig. 2. After the initial rapid oxidation in the presence of hexoxidase, the subsequent slow 
oxidation of substances other than ascorbic acid continues and is not affected by addition of 
KCN, though the enzyme, as shown by its inability to oxidize added ascorbic acid, is com- 
pletely inactivated. pH 6-0. Ordinate: mg. indophenol-reducing substance per 100 ml. urine. 


was stopped after the initial rapid fall in reducing power, by addition of M/1000 
potassium cyanide. As Fig. 2 shows, the addition of cyanide does not alter the 
rate of oxidation of the residual indophenol-reducing substance. Moreover, the 
rate is still unaltered after addition of ascorbic acid (which the enzyme, now 
inactivated, does not attack). 
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The use of the enzyme preparation from cauliflower not only confirms the 
presence in urine, after acid hydrolysis and prolonged treatment with hydrogen 
sulphide, of an indophenol-reducing substance other than ascorbic acid; in so 
far as it may be regarded as specific for ascorbic acid, it permits an estimate of 
the actual amount of that substance. The figures obtained must still, however, 
be regarded as maximum, for proper proof of the specificity of the enzyme is 
lacking. We have determined the indophenol-reducing power before and after 
aeration with the enzyme using urine (a) without any preliminary treatment; 
(6) submitted to the rapid clearing process; (c) treated with mercuric acetate 
followed by hydrogen sulphide for 72 hr.; (d) boiled with 10°% acetic acid in an 
atmosphere of carbon dioxide for 24 hr. and then rapidly cleared; (e) treated 
as in (d) and subsequently as in (c). The results with untreated urine must be 
regarded as approximate only, as the end-point of the titration is by no means 
sharp. In these experiments the difference between the two titrations represents 
the true ascorbic acid (with the proviso mentioned above); the second titration 
represents the non-ascorbic acid reducing substance (or substances). Results 
are shown in Table VI. Rapid treatment with mercuric acetate is without effect 





Table VI 
mg. I.R.P. per 100 ml. calculated as ascorbic acid 
Urine A Urine B Urine C 
, \ c Bs f - = 
Other Other Other 
Ascorbic reducing Ascorbic reducing Ascorbic reducing 
Method acid substance acid substance acid substance 
Immediate direct titration ek 0-3 0-29 0-92 0-28 0-56 
“Rapid clearing” method 0-26 0-25 0-12 0-66 0-26 0-99 
Full reduction 2-8 1-8 2-44 0-73 1-33 1-07 
Hydrolysis plus reduction 3-9 2-1 2-74 1-58 1-53 0-88 


on the amount of ascorbic acid which, however, is increased, though not always 
to the same extent, both by the hydrolysis and by the reduction with hydrogen 
sulphide. We consider this to be strong evidence that ascorbic acid is present in 
freshly passed normal] urine as such, as a non-reducing ester-like derivative, and 
further, as dehydroascorbic acid which also occurs in part as a hydrolysable 
derivative. It is probable that dehydroascorbic acid is present, for urine 
acidified with acetic acid and allowed to stand at room temperature in an inert 
atmosphere does not show the increase in reducing power which follows pro- 
longed saturation with hydrogen sulphide; the hydrogen sulphide is therefore 
probably acting as a reducing agent. The concentrations of these substances 
vary independently in different samples of urine. 

The amount of non-ascorbic acid reducing substance is also increased by 
hydrolysis and by reduction with hydrogen sulphide. This suggests that it, too, 
exists in an “oxidized” and a combined form. Titration of untreated urine fails 
to afford evidence of its existence in a ‘‘reduced” form, since other interfering 
substances, removable by mercuric acetate, are still present. Since, however, 
its oxidized form appears to be reduced very slowly by hydrogen sulphide in 
acid solution, and since some non-ascorbic acid reducing substance is present 
after the rapid clearing process, it is probable that the “reduced” form is also 
present in urine, and that it is not an artefact. These facts suggest a substance 
similar to ascorbic acid, a suggestion which is supported by the facts that it, also, is 
slowly oxidized by aeration even in acid solution (10% acetic acid) and is rapidly 
oxidized, though not absorbed, in the presence of norite. One may recall that 
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Drumm et al. [1937] isolated from normal urine an undoubted 2 : 4-dinitrophenyl- 
hydrazone, melting at 221°, of similar composition to the hydrazone of ascorbic 
acid which it closely resembled in solubility and in adsorption properties. 

We have shown that the unknown substance is neither glycuronic acid nor a 
derivative formed by the experimental procedure. It may conceivably be 
reductic acid or a similar substance. One possibility we considered was that of 
an isomeride of ascorbic acid. Chemical reduction of dehydroascorbic acid might 
conceivably give rise to both cis and trans isomerides, of which only one would, 
presumably, be oxidized by the enzyme, though both might be oxidized (possibly 
at different rates) by molecular oxygen. This possibility however, is inadmissible 
since the “oxidized” form of the substance in urine is reduced by hydrogen 
sulphide more slowly than is dehydro-ascorbic acid, and furthermore, a solution 
of ascorbic acid, oxidized by aeration alone or with charcoal and then re- 
reduced by hydrogen sulphide, is completely and rapidly oxidized in presence of 
the enzyme. 

As a point of practical importance, it is evident that the existence of this non- 
ascorbic acid reducing substance must be taken into account in any method 
intended to estimate accurately the amount of vitamin C in urine, as must also the 
existence of dehydroascorbic acid and the non-reducing hydrolysable derivative. 
Such a method, though obviously a laborious one and still open to suspicion 
as to the specificity of the enzyme, could be founded on titration before and 
after aeration in presence of Szent-Gydérgyi’s “‘hexoxidase” after hydrolysis and 
prolonged reduction. 

The technique, as we have used it, is as follows: All urine is acidified to 10% 
with acetic acid. We use either a fresh specimen (as in all the above experiments) 
or a 24 hr. specimen preserved by 10% acetic acid in a brown stoppered bottle. 
Take 20 ml. urine and add 20 ml. water and 20 ml. 20%, mercuric acetate. 
Centrifuge for 2-3 min. immediately. Pour off supernatant fluid and pass H,S 
at once for 15 min. Filter and remove H,S by CO,—about 30 min. Place filtrate 
in 150 ml. flask and reflux under CO, for 24 hr. Make volume up to 75 ml. and 
pass in H,S for 96 hr. Take 10 ml. and to this add 10 ml. water and 10 ml. 20% 
mercuric acetate. Centrifuge and remove Hg as before. Titrate sample for total 
LR.P. Take 20 ml. into an aeration tube. Adjust pH to 6-0 by addition of 
20% NaOH. Add 4 ml. of enzyme preparation suitably diluted and tested for 
activity. Remove 10 ml. immediately into 2 ml. freshly prepared 50% HPO, 
(Spec. A). Allow aeration to proceed for 30 min. and again remove 10 ml. into 











Hours 


Fig. 3. Effect of aeration, in presence of reduced glutathione and cauliflower hexoxidase on the 
indophenol-reducing substance of urine. The total indophenol-reducing substance increases. 
The increase is not due to GSH, which is removed by mercuric acetate before titration. 
Aeration was stopped after 5 hr., and the mixture kept for 16 hr. in a CO, atmosphere. The 
glutathione had then been completely oxidized; the enzyme was still active, but only part 
of the indophenol-reducing substance disappeared rapidly when aeration was resumed. pH 6-2. 
Ordinate: mg. indophenol-reducing substance per 100 ml. 
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2 ml. HPO, (Spec. B). Centrifuge both specimens for 10 min. and titrate. The 
indophenol-reducing power of B is due to substances other than ascorbic acid. 
The difference between this value and that of A represents the total ascorbic acid. 

One further observation, of which, however, we can offer no satisfactory 
explanation, remains to be mentioned. Hopkins & Morgan [1936] reported that, 
in presence of reduced glutathione, ascorbic acid was not oxidized by the hex- 
oxidase of cauliflower. The glutathione was oxidized, and it was only when the 
nitroprusside reaction disappeared that the ascorbic acid was oxidized in the 
normal way. In testing urine in this way, we found, as we expected, that the 
indophenol-reducing power was not diminished by aeration in presence of 
hexoxidase and reduced glutathione; to our surprise, however, we found that it 
was actually increased, and remained so for several hours during which the 
nitroprusside reaction remained positive (Fig. 3). Later, with the nitroprusside 
reaction negative, the indophenol-reducing power remained high, although the 
enzyme was still active as was shown by the rapid disappearance of added 
ascorbic acid. 

SUMMARY 


It is confirmed that mercuric acetate, in suitable concentration, removes 
from urine certain substances including thiosulphate, which interfere with the 
indophenol titration method for the estimation of ascorbic acid. The use of 
“hexoxidase” from cauliflower shows that reducing substances other than 
ascorbic acid are still present. 

Prolonged treatment with H,S increases the indophenol-reducing power of 
urine, and it is confirmed that acid hydrolysis has a similar effect. Hydrolysis 
followed by reduction produces the maximum increase. Enzyme experiments 
show that both these increases are due in part to production of extra ascorbic 
acid (if the enzyme is specific) which is probably present in urine partly in the 
“reduced” form, partly as dehydro-ascorbic acid, and partly as non-reducing, 
hydrolysable derivatives of these substances. 

Associated with ascorbic acid is another indophenol-reducing substance, 
closely resembling it in properties, and also existing in non-reducing “oxidized” 
and “combined” forms. 

A method of estimating ascorbic acid in urine is suggested. 


Our thanks are due to the Moray Research Fund of this University for a 
grant which partly covered the expenses of this work. 
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CCLXXV. PYRUVATE OXIDASE IN BRAIN 
IV. CO-CARBOXYLASE 


By RUDOLPH ALBERT PETERS 
From the Department of Biochemistry, Oxford 


(Received 22 October 1937) 


THE discovery by Lohmann & Schuster [1937] that co-carboxylase is a pyro- 
phosphoric ester of vitamin B, led him to suggest the hypothesis that pyruvic 
acid accumulation in our experiments is explained by the lack of co-carboxylase. 
There are really two points to be considered separately ; first, whether vitamin 
B, is active in the brain pyruvate oxidase system as the “‘diphosphate”, and 
secondly, whether this latter, if present, is acting as a co-carboxylase to a 
carboxylase system such as is found in yeast. If the first point is true, then 
vitamin B, must be phosphorylated during our in vitro experiments. Recent 
work had actually led us, previous to the publication of their discovery, 
to the view that vitamin B, was some kind of prosthetic group of pyruvate 
oxidase [see especially Westenbrink & Polak, 1937]. 

In the attempt to throw light upon this important problem, (1) the cata- 
torulin effect of co-carboxylase and the phosphorylation by brain tissue of 
vitamin B, have been examined and also (2) the effect of the brain enzyme system 
upon «-ketobutyric acid. 


(1) Catatorulin effect of co-carboxylase 


In support of the ‘“co-carboxylase” hypothesis, they stated that this 
has as good an effect’as vitamin B, in the catatorulin test. This particular 
contention has not been here confirmed. In work with crude co-carboxylase, 
which was prepared by Kinnersley & Peters [1937] by the action of dry yeast 
upon vitamin B,,! catatorulin effects were obtained ; but some later preparations 
seem to be less effective. Owing to the kindness of Prof. Lohmann, to whom my 
thanks are due, I have been able to test a specimen of pure co-carboxylase 
supplied by him against a synthetic specimen of vitamin B, chloride hydro- 
chloride. In another paper, reasons will be given for using as standards amounts 
of the latter not greater than 0-54g.;2 some brains do not show much increase in 
oxygen uptake for the range of concentration 0-5-1-0ug.; the latter seems to be 
maximum when working with pyruvate as substrate. 

Contrary to the experience with crude co-carboxylase, the pure specimen 
showed very poor catatorulin effects, not greater than 10% of those produced 
by the vitamin itself. The diagram (Fig. 1) shows in detail three of the experi- 
ments out of seven made; for the remaining four the relevant details are shown 
in catatorulin curves ;’ all gave decisively a much lower result* for co-carboxylase. 
It is difficult to be certain that some of the positive effects found were not due 
to conversion of some of the diphospho-vitamin B, into the base by phos- 
phatase action; but I think that the effect is genuinely due to the phosphate 

1 In presence of phosphate-pyrophosphate. 

* Written now yg. instead of y. 
3 The extra O, uptake for 1-2 hr. plotted against added vitamin or co-carboxylase. 
4 1-0 ug. vitamin B, chloride HCl is equivalent in base to 1-42 ug. vitamin B, pyrophosphoric 
ester_(co-carboxylase_here), C,,H.,0,N,P.SCI. 
( 2240 ) 
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for the following reasons: it is characteristic of vitamin B, itself that a sub- 
maximum effect is converted into maximum by increase of the vitamin B,; this 
is not always so with co-carboxylase (cf. Exps. 1293, 1328, Fig. 1). Under our 
conditions therefore it is definite that the latter is less effective. So far I have 
not been able to obtain duplicates with slices which were sufficiently close 
to give quantitative satisfaction. It seems however possible to reconcile in 
part the apparent discrepancy between these results and those of Lohmann. 
If the brain slices used were reacting to 0-5ug. or less maximally, then the tests 
were made at too high a level for quantitative work, i.e. vitamin chloride 
2ug. approx. 

Though it weakens the evidence, the failure to confirm the equal efficiency 
of co-carboxylase in the catatorulin test is not decisively against Lohmann’s 
hypothesis, because it can be argued that conditions of permeability do not 


Table I. Formation of co-carboxylase by avitaminous brain tissue 


Exp. 1268. Each Barcroft bottle contained 0-25-0-35 g. brain brei from avitaminous pigeon 
in 2-0 ml. Ringer-phosphate, pH 6-2, containing pyruvate 5mg. At this pH it has been found 
previously that the catatorulin effect occurs. No filter-paper with KOH was used; after filling 
with oxygen, the whole was shaken for 72 min. at 38° as usual, with and without vitamin (10 yg.). 
The whole was then heated for 2-3 min. in a boiling water-bath and cooled. Washed (Lohmann) 
yeast was added and MgCl, (0-1 mg.) making the total volume 2-4 ml. The bottles were filled with 
N,/CO, and the evolution of CO, followed at 28°. Controls were set up of the same tissue con- 
taining a crude co-carboxylase, pyruvate and yeast alone. CO, evolution was as follows in 40 min. 


, pl. CO, 
Control (rs 
Tissue. No vitamin {i070 = ca — 370 = 
Vitamin { ae zs 364 ae 


ot 445 
Crude co-carboxylase | 440 


Increase for no vitamin +25 yl.; vitamin +97 pl. 

Exp. 1385. The preliminary period of shaking in O, was here reduced to 27 min. (12 +15 min.) 
at 38°; vitamin 4 wg. Flasks were heated for 3 min. exactly on the water-bath to inactivate the 
brain enzyme system and cooled before addition of washed yeast. Other details as before. 

CO, evolution in 50 min. at 28° 


Tissue wt. 


ul. mg. 

No vitamin 9-3 275 

, 0-7 296 
Vitamin 86 276 

92 260 


Controls showed that the washed yeast was active. Addition of crude co-carboxylase gave 
uptake of 573 yl. in same period. 
Exp. 1386. The preliminary period of shaking in O, was 30 min. at 28°; vitamin 7 wg. Re 


maining details as before. 
CO, evolution in 40 min. 


Tissue wt. 
pl. mg. 
No vitamin 6-3 291 


Vitamin 70-0 292 


Controls showed that the washed yeast was active. 
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permit attachment of the “‘diphosphate ” to the active centre ; and it is difficult to 
advance a satisfactory counter plea, except that much of the tissue reaches a fine 
state of subdivision in the tests. As previously stated [Peters, 1937; Kinnersley 
& Peters, 1937], it can be shown that under our conditions phosphorylation of 
vitamin B, takes place. 

Three experiments are recorded in Table I; all show more co-carboxylase 
effect in bottles previously shaken with vitamin. The object of experiment 1385 
was to make certain that phosphorylation could be sufficiently rapid to account 
for the early appearance of the vitamin effect. It is clear that this is so; in 1386, 
even 30 min. at 28° suffices for a marked degree of synthesis. Hence the view 
that vitamin B, is first converted into the diphospho-compound is possible and 
eminently plausible, if no other compound of vitamin B, can act as co-carboxylase. 
Nevertheless the question willnot be rigidly proved until a preparation is obtained, 
which will show the catatorulin effect with co-carboxylase and not with vitamin 
B,. It could still be argued that the phosphorylation is only one of many others, 
due to phosphorylating capacity of the brain extract, as has been shown by 
Euler et al. [1936]. Meanwhile, we may consider provisionally that vitamin B, 
acts in the phosphorylated form in our brain preparations and turn to the next 
point, whether the remainder of the system resembles yeast carboxylase. 


(2) «-Ketobutyric acid (CH;.CH2.CO.COOH) 


We have stated recently [McGowan & Peters, 1937] that some «-keto-acids 
give no catatorulin effects. Since then, I have tested the monocarboxylic acid 
most nearly allied to pyruvic acid, namely «-ketobutyric acid. This was especially 
important because of the observation of Neuberg & Kerb [1912] that this com- 
pound reacted well with yeast carboxylase. Hence the question whether «-keto- 
butyric acid reacted with avitaminous brain might become a crucial point in 
determining the specificity of the pyruvate oxidase system in question. 

In confirmation of Neuberg & Kerb, I have found that «-ketobutyric acid 
reacts excellently with yeast carboxylase, and have been able to add the obser- 
vation that co-carboxylase (diphospho-vitamin B, of Lohmann) is also essential 
for this decarboxylation (Table II). But the behaviour with brain was different 
(Table III); there was no catatorulin effect; a marked inhibition occurred 
which is being investigated further. It has been a constant feature of several 
preparations and has been given by the purest. It is therefore not likely to be 
due to impurity. In one experiment (1362), the catatorulin effect with pyruvate 
was less affected by the «-keto-acid than the general level of respiration. It 


Table II. Co-carboxylase and «-ketobutyric acid. Yeast 


Exp. 1367. Dried yeast, washed according to Lohmann. Neutralized pyruvic acid (or «-keto- 
butyric acid) + MgCl, (0-05 mg.) placed in Keilin tubes suspended in a Barcroft bottle, filled with 
N, and containing yeast (approx. 100 mg.) + 1-5 ml. Ringer-phosphate, pH 6-2, +co-carboxylase 
3-0 ug. Temp. 28°. Keilin tubes displaced after 5 min. equilibration and readings started at 
10 min. Cone. «-ketobutyric acid 0-021 M; pyruvic acid 0-028 M. Average of duplicates. 


CO, evolution in 2 hr. 


pl. 
No addition -5 
x-Ketobutyric acid alone 11-4 
Same + vitamin B, 8-8 
Same + co-carboxylase 218-0 
Pyruvate alone 2-0 
Same + co-carboxylase 156-0 


The co-carboxylase used was a pure specimen very kindly given by Prof. Lohmann. 
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Table III. «-Ketobutyric acid and brain respiration 
O, uptake yl./g./hr. 
Acid alone (2 exps. quoted out of 7) 


; Respiratory period Vitamin differences 

{xp. OT pl. 

no. Additions }-lhr. 1-lf}hr. 13-2hr. -———*———__, 

1374 Nil* 1185 834 652 . 
4 pg. V.* 1169 ~—-870 658} <=. .+8 6 
Na «-ketobutyrate 0-21 WM 608 397 304 83 7 "9 
Same +V. 691 476 se} : 79 a2 

1371 Nil 1150 863 640 = 4 
v. 1310 1042 753} 160 oe 
a-Ketobutyrate 840 575 395 153 85 45 
Same +V. 687 490 sso} : ” , 
a-Ketobutyrate alone 630 476 305 — — — 

Acid added to pyruvate (2 exps. quoted out of 4) 

1362 Pyr. 1245 933 755 * rs 208 
Pyr. V. (4 ng.) 1940 1639 1aasl 695 106 693 
Pyr. «-ketobutyrate 882 642 511 . 7 , 
Pyr. V. 1560 1351 _~—«21197 | a 

1373 Pyr.* 1262 928 671 » ” nor 
Pyr. V.* 2030 «1717-—«1456f «= 788789785 
Pyr. «-ketobutyrate 985 698 506 515 516 544 
Same +V. 1500 -1214_— 1050 — 


* Triplicate. 


might be thought that a brain carboxylase was converting the acid into prop- 
aldehyde, like yeast, but that this aldehyde was not further metabolized by the 
brain tissue; and that accordingly the inhibition was due to the accumulating 
aldehyde, a class of substances which I have found to be undoubtedly toxic 
to these systems. This view is excluded by the values found; the inhibition does 
not increase with time. If anything it is reduced. Further evidence against con- 
version into aldehyde was found by measuring aerobic CO, evolution, with and 
without vitamin (Table IV). Though some uncertainty in the exact amount of 
CO, formed arises from the failure to stop absorption of gas by addition of HCl 
to brain tissue, it is clear that no CO, at all commensurate with conversion in the 
bottles into as much as 0-1—-0-2 mg. aldehyde takes place, as a result of the presence 
of «-ketobutyrate; nor could evidence be obtained that extra «-ketobutyrate 
disappeared with vitamin action (Table IV). Hence, unlike its behaviour to 
yeast, the compound seems to be unattacked by the brain enzyme system. 

So far there is a consensus of opinion that no acetaldehyde can be detected in 
brain pyruvate metabolism, and that there is no anaerobic decarboxylation 
[see e.g. Elliott et al. 1937: Lipmann, 1937, 1, 2,3]; our own experience for pigeon 
brain is in thorough agreement with this. Taking the evidence together therefore 
the answer to our second point appears to be that even if co-carboxylase is part 
of the system, the latter is so highly specialized in brain that it hardly wears the 
same face as the carboxylase in yeast. Lipmann’s observation! that co-carboxy- 
lase in bacteria produces not acetaldehyde, but acetic acid and CO, from 
pyruvic acid is clearly very relevant. 


EXPERIMENTAL 


a-Ketobutyric acid was prepared after Neuberg & Kerb [1912] by the method 
of Mebus [1905]. The acid distilled at 74-75° under 18-20 mm. pressure (more 


1 His complete paper [1937, 3] reached me after completion of the above. 
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Table IV 


Exp. 1375. Aerobic CO, evolution with «-ketobutyric acid. 10 amounts of 90-100 mg. tissue 
(washed) in Barcroft bottles containing Ringer-phosphate, pH 7-3, and O, were used to obtain the 
following values in duplicate: (1) O, uptake with and without vitamin (4 yg.); (2) initial CO, 
content of tissues of substrate-Ringer; (3) CO, content after 2 hr. respiration with and without 
vitamin. The initial CO, content of substrate-Ringer solution only (4) was separately estimated. 
The values (2) and (3) were obtained by displacement of Keilin tubes containing 0-3 ml. V HCl 
at 12 and 120 min. respectively, the CO, content in (3) being estimated after calculating the O, 
uptake from (1) for the amount of tissue present. Uncertainty is introduced in the CO, value by 
the fact that acid does not stop exchange of gas with this system [cf. Needham, 1932]; in every 
case after adding the acid to bottles containing brain tissue a rapid displacement of gas in the 
sense of CO, evolution occurred, followed by a steady decrease which indicated an uptake of 
oxygen; it was not due to leak because it does not occur with (4) at all. The backward creep 
amounts to some 10-11 mm. for tissue respired 12 min. and some 4-7 mm. for tissue respired 2 hr. 
By extrapolation of the values for CO, to a maximum at zero addition of acid, the following values 
of O, and CO, were reached, reduced to 100 mg. tissue (wet weight), for 2 hr. period, after sub- 
tracting (1), average of duplicate values. 


* pl. CO, ‘ oO, R.Q. 
No addition 71-9 85-2 0-84 
Vitamin (4 yg.) 106-0 103-0 1-03 


These figures are obtained by subtracting the full residual CO, and do not allow for the O, 
uptake, due to non-enzymic processes, which has probably occurred during the experiment. Such 
a figure is covered for O, uptake. If approximately half the non-enzymic O, has been reckoned 
with O, uptake, then less initial CO, should be subtracted and the values for CO, might be increased 
by 20 ul. The R.Q. would then be correspondingly raised. The amounts are, of course, extremely 
small, much less than the usual residual values, and the errors correspondingly large. But the 
vitamin increase in CO, is balanced by a similar increase in oxygen. It is therefore mainly residual. 
The formation of 0-2 mg. propaldehyde, an amount of aldehyde which might be regarded as 
inhibitory from other experiments, would give an evolution of CO, of some 77 yl., an amount far 
in excess of the values shown, taking into account the expected increase for the residual. If 
pyruvic acid had been present, the amount of CO, similarly evolved in 2 hr. by the tissue con- 
taining vitamin might have been expected to be at least 350 wl. Hence, though this experiment 
can only indicate the order of values involved, there is no ground for thinking that CO, evolution 
takes place with the «-ketobutvric acid aerobically without O, uptake. 

Exp. 1374. Disappearance of «-ketobutyric acid in 2-0 hr. The acid was measured into the 
flask with a 0-5 ml. Ostwald pipette; 0-5 ml. approx. 5 mg. Na «-ketobutyrate. At completion of 
this experiment, for which the values are given in Fig. 1, 1 ml. of 25% trichloroacetic acid was 
added to the bottles. After standing they were filtered, using one filter-paper for the three of 
(1) residual, (2) residual + vitamin, respectively, (3) one for «-ketobutyric and (4) «-ketobutyric + 
vitamin, and (5) one for 1-0 ml. of control. The latter contained two separately measured amounts 
of 5 mg. to which 2-5 ml. RPO, were added, and later 1 ml. of 25% trichloroacetic acid. Each 
bottle was washed with 1 ml. +1 ml. trichloroacetic acid; the amounts for each of 1-5 were made 
to 25 ml., 10 ml. of 1 and 2 and 2 ml. of the rest being taken for each B.B.s. value. 

Bisulphite-binding substance (B.B.S.) (determined by usual methods [Clift & Cook, 1932)). 


ml. Tissue Dis- Disappeared per 
No. of V/100 wt. appeared 100mg.x-ketobu- 
bottles iodine mg. ml. tyrate + vitamin 
Residual 3 0-275 284-4 ~ _ 
Residual + vitamin 3 0-250 300-5 0-013 - 
a-Ketobutyrate 2 14-06 208-0 0-45 7 
a-Ketobutyrate + vitamin 2 14-00 196-4 0-51 0-05 
Control «-ketobutyrate 2 15-00 — — = 


The amount 0-05 ml. represents 0-026 mg. «-ketobutyric acid and is within the error of the 
titration. 2 ml. samples of (3), (4) and (5) were also converted into 2:4-dinitrophenylhydrazone 
and taken through Peters & Thompson’s [1934] modification of Clift & Cook’s [1932] method. 
Comparing the colours produced by the control (5) with those of (3) and (4), the results gave control 
1-0, (3) 0-88and (4)0-85. The slight diminution for (4) is not significant and is of the same order as that 
for the B.B.s. estimation, indicating that the substance estimated is keto-acid rather than aldehyde. 
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than one preparation was used); the melting-points were 29-29-6° instead of 32° 
as stated in the literature. The acid could not be freed from the last traces of 
ester by distillation. In order to make certain that these traces were not pro- 
ducing the observed inhibition, the sodium salt was prepared by neutralizing 
cautiously to pH 4-5 with 20% NaOH, and crystallizing from acetone-water 
mixtures, containing traces of ether. The recrystallized salt, shining plates, 
melted with decomposition at 195° (uncorrected) and gave the following values 
for bisulphite-binding power: theoretical 8-9 mg., found 8-84 mg.; Na deter- 
mined as Na,SO,!; 4:74 mg. used. Calc. 57-2%, found 55-5%. It showed the 
same biochemical effects as solutions prepared from the freshly distilled acid. 

Other experimental details have followed the usual plan. Unless stated 
bottles have contained 3-0 ml. Ringer-phosphate, pH 7-3. Vitamin B, has been 
4g. per bottle and pyruvic acid (neutralized) approximately 0-02 VM. 


SUMMARY 


1. The catatorulin effect (increased oxygen uptake upon addition of vitamin 
B,) of Lohmann’s pure co-carboxylase (diphospho-vitamin B, or pyrophosphoric 
ester of vitamin B,) with avitaminous pigeon’s brain tissue is much less than that 


of vitamin B, itself. 
2. Vitamin B, is phosphorylated rapidly under the conditions of a cata- 


torulin test. 
3. a-Ketobutyric acid requires co-carboxylase for its decarboxylation by 


yeast, but it does not act as a substrate for the catatorulin effect. 

4. The hypothesis that vitamin B, acts as the diphospho-compound in 
brain is possible, though not yet rigidly proved; but the other components of 
the system are dissimilar from those of yeast. 


My thanks are due to R. W. Wakelin for invaluable technical assistance, to 
Mr H. W. Kinnersley for help, and to the Medical Research Council for a grant 
in part aid of the work. 

1 Tam much indebted to Mr Kinnersley for this estimation. 
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Note added 6 December 1937. Analysis of Na ketobutyrate (Schoeller) found 
C, 38-35; H, 4-08 %. Cale. C, 38-71; H, 4-03 %. In a paper just published (Bioch. 
Z. (1937) 294, 188) Lohmann & Schuster record evidence of the phosphorylation 
of vitamin B, by normal (?) brain tissue at alkaline reactions; they consider that 
the brain system is different from yeast carboxylase and therefore reach similar 
conclusions to mine. 
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I. THE ISOLATION OF SOME CRYSTALLINE ALCOHOLS 
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THE unsaponifiable matter from various cereal germ oils is known to possess 
vitamin E activity, but the majority of investigators appear to have employed 
solely wheat germ as starting material in attempts to isolate the antisterility 
factor. 

Chemical investigation of rice germ oil was first recorded by Kimm & 
Noguchi [1933] who identified melissyl alcohol, ergosterol, dihydrositosterol, 
y-sitosterol and a new sitosterol, M.P. 156°, as constituents of the unsaponifiable 
matter from this oil. Later Kimm [1935, 1, 2] employed rice germ oil in an 
effort to isolate vitamin E. Following the procedure employed by Evans & 
Burr [1927] in experiments with wheat germ oil, he claimed to have obtained 
from the unsaponifiable matter an oil which when tested biologically by the 
Evans method on rats was active in a single dose of 3 mg. This oil on treatment 
with f-naphthoyl chloride in pyridine yielded four crystalline naphthoates: 
(a) M.P. 168°, (b) M.P. 156°, (c) M.P. 158°, and (d) M.P. 134°. Of these (b) was 
reported to yield on hydrolysis an alcohol showing full vitamin E activity in a 
single dose of 0-5 mg. Beyond the fact that these esters had colour reactions 
similar to those of sterol derivatives and that analysis suggested a formula 
Cy9H,,0 for the parent alcohol of (b) no further details were recorded. 

Some time later Evans et al. [1936] reported the isolation from wheat germ 
oil of two alcohols «- and B-tocopherol. These substances, themselves oils, were 
separated from the sterol-free unsaponifiable matter of the wheat germ oil as 
allophanates. The more active substance, «-tocopherol, characterized as its 
p-nitrophenylurethane and allophanate showed vitamin E activity in a dosage 
of 3 mg., and analysis indicated an approximate formula C,,H;,0, in which one 
oxygen was present in a hydroxyl group and the other perhaps in an ether 
linkage. 

The relatively low activity of «-tocopherol was surprising in view of the 
results of Drummond et al. [1935], who by applying chromatographic analysis 
to the unsaponifiable matter of wheat germ oil, had earlier obtained vitamin E- 
containing oils active in dosages of 0-5-1 mg. 

In view of these discrepancies in activity and particularly of the difference 
of an oxygen atom in the formula of “‘ vitamin E” in rice and wheat, we decided 
to carry out a series of parallel investigations with rice germ and wheat germ 
oils with a view to the final isolation of the vitamin and elucidation of its 
structure. The similar order of activity recorded for the preparations of Kimm and 
Drummond ¢¢ al. led us, in the first place, to concentrate mainly on the use of 
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the purification process of the latter authors followed by acylation with various 
reagents. The results of these earlier experiments, concerning which a preliminary 
note has already been published [Todd et al. 1937], are described in this paper. 

A number of crystalline alcohols, including Kimm’s alleged active alcohol, 
were isolated from the oils in this way, but they were found to be uniformly 
devoid of vitamin E activity when tested on rats by the method of Evans. 
During the progress of our work Karrer & Salomon [1937], reported the isolation 
from wheat germ oilof compounds of the same type, to which they gave the names 
a- and f-tritisterol. These authors separated the tritisterols from the un- 
saponifiable fraction of the oil by precipitating them from 95% alcoholic 
solution with digitonin, as amorphous, rather unstable digitonides. We have 
also employed this method in the cases of both rice and wheat with success, the 
same substances being obtained as by direct acylation without digitonin pre- 
cipitation. 

The compounds from rice, which we designate for convenience as orysterols, 
are very similar in their properties to the tritisterols of wheat, and indeed one 
of them may be identical with «-tritisterol. It is however difficult to be quite 
certain as to the identity of these substances, and in view of the fact that many 
supposedly homogeneous sterols have been shown to be mixtures we wish to 
record that, despite the available evidence, we consider it not impossible that 
the substances we describe may be shown by future work to be in reality 
mixtures of closely related compounds. As yet we have not investigated the 
detailed structure of any of the orysterols or tritisterols. 

The properties of the various alcohols are described in the experimental 
part of the paper. All show similarities to the sterols and are characterized by 
a remarkable tendency to separate from solution in the form of gels even when 
highly purified ; on standing the gels slowly change to a crystalline mass. 


Orysterols from rice germ oil 


The initial fractionation of the unsaponifiable matter of rice germ oil, after 
removal of most of the sterols by freezing out, was carried out by chromato- 
graphic analysis on activated aluminium oxide (Merck). The rice chromatograms 
resemble in their general characteristics those obtained from correspondingly 
treated wheat oils, but show a greater number of individual coloured bands, 
evidence that rice oil is a much more complex mixture than wheat oil. Further 
purification was effected by removal of normal sterols by digitonin precipitation 
and distillation of the oil in a high vacuum. We have found that similar results 
are obtained when distillation is omitted ; vitamin E activity survives distillation 
and lower-boiling hydrocarbon impurities can be removed by this procedure. 
By acylation of the purified oils with p-nitrobenzoyl chloride or B-naphthoyl 
chloride we obtained mixtures of esters which could be fractionated to give 
apparently homogeneous compounds yielding on hydrolysis three aleohols which 
we provisionally designate «-, B- and y-orysterols; particulars of these substances 
are given in Table I. 

: Table I 


p-Nitro- 
benzoate B-Naphthoate 
M.P. [a]lp M.P. M.P. 
«-Orysterol 121-122° +49° 187—189° 174-177 
B-Orysterol 113-114° +51-3° 227-228° 166° 
y-Orysterol 119-120° +51-9° 233-234 157° 


All these substances are unsaturated and have properties similar to those of 
the tritisterols of Karrer & Salomon [1937] and all are biologically inactive. They 
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appear to be isomeric alcohols of formula C,,H,,0, but, owing to the extreme 
difficulty of determining a molecular formula of this nature with complete 
accuracy, we consider that this formula must await fuller confirmation before 
it is finally accepted. B- and y-orysterols as well as their esters show no definite 
depression in M.P. when mixed with each other although depression is always 
observed with «-orysterol. In our opinion, however, they are distinct sub- 
stances, since the crystalline form of the B-naphthoate is quite distinct in the 
two cases and we were unable to find any evidence in favour of dimorphism as 
an explanation of the difference. y-Orysteryl B-naphthoate appears from its 
M.P. and crystalline form to be the substance isolated by Kimm [1935, 2], but we 
are quite unable to confirm his claim that the parent alcohol has vitamin E 
activity. 

Neither 8- nor y-orysterol shows a depression in M.P. when mixed with 
«-tritisterol (M.P. 113-114°) from wheat. Unfortunately we have had insufficient 
g-tritisterol as yet to permit of definite identification, but from the properties 
of «-tritistery] B-naphthoate it seems at least possible that «-tritisterol and 
y-orysterol may be identical. It is hoped in further work to settle this point 
and to ascertain the structure of the orysterols. These substances represent only 
a small fraction of the rice germ oil (0-12°%). Work on the vitamin E-containing 
oils left behind after removal of the orysterols will be reported in a separate 
communication. 

Tritisterols from wheat germ oil 


As starting material for experiments on wheat germ oil we used a preparation 
of the unsaponifiable matter from which most of the sterols had been removed 
by freezing out. This material was purified by partition between light petroleum 
and methyl alcohol [Evans et al. 1936] followed by chromatographic analysis 
after the manner of Drummond eé al. [1935] and Karrer & Salomon [1937]. 
Vacuum distillation of the purified oils was also employed as in the case of 
our rice experiments. Acylation with p-nitrobenzoyl chloride furnished a 
mixture of oily and crystalline esters. The latter were fractionated with great 
difficulty as the available quantity was small, but yielded finally on hydrolysis 
f-amyrin, x-tritisterol, M.p. 113—114°, and a small amount of a third alcohol, 
M.P. 174-175°, as well as an oily alcohol giving a nitrobenzoate, M.P. 185°. None 
of these substances showed biological activity. B-Amyrin was isolated by 
Drummond et al. [1935] from wheat germ oil and «-tritisterol was obtained by 
Karrer & Solomon [1937]. We did not obtain the f-tritisterol described by the 
latter authors, but this was probably due to the fact that the pre-treatment of 
our starting material had removed most of the tritisterols present originally, 
and that we obtained insufficient amounts to permit of complete separation of 
the various alcohols. The alcohol of M.p. 174-175° may possibly be identical with 
the alcohol of m.P. 162—163° obtained in traces by Karrer & Salomon [1937], 
but there was insufficient material to permit of proper characterization. 

In one experiment we applied the digitonide isolation process of Karrer & 
Salomon to our oils but the only product we could identify with certainty was 
a-tritisterol. 

EXPERIMENTAL 


(a) Experiments on rice germ oil 


Starting materials. In early experiments we used the crude oil extracted 
from rice germ with peroxide-free ether. This material was kindly placed at our 
disposal by Messrs Hoffmann-La Roche, Basle, to whom we wish to express our 
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gratitude. The same firm subsequently supplied us with the carefully prepared 
unsaponifiable matter from the oil, thereby greatly facilitating our experiments, 
as the saponification of the large amounts of oil necessary for the work was 
impracticable with the apparatus at our disposal. 

Isolation method I for «- and B-orysterols. 2 kg. rice germ oil were hydrolysed 
(in 500 g. portions) by refluxing for 5 hr. with 15% methyl alcoholic KOH. 
After removal of the fatty acids by precipitation as barium soaps, the un- 
saponifiable matter was extracted with ether. In this way 37-9 g. of a brownish 
wax were obtained from which 22-7 g. of mixed sterols were removed by crystal- 
lization from methyl alcohol at 0°. From the remaining wax a further 2 g. of 
sterols were removed as crystalline digitonides by precipitation with digitonin 
from 90% alcoholic solution. The total yield of sterol-free oil was 13-2 g. 

On submitting the residual oil thus obtained (11 g.) to distillation under a 
pressure of 0-1-0-2 mm. the following fractions were obtained: (a) 1-0 g., B.P. 
below 190°; (b) 7-1 g., B.P. 190-275°; (c) 2-4 g. distillation residue. From the 
boiling-point range fraction (b) was assumed to contain any vitamin E present 
[ef. for example Drummond et al. 1935]. 

Fraction (6) was dissolved in light petroleum (750 ml., B.p. 40-60°) and 
subjected to chromatographic analysis using a column of activated aluminium 
oxide (31 x 3-5 cm. diam.). The chromatogram was developed with light petro- 
leum (B.P. 40—60°) containing a trace of benzene. Viewed in ultraviolet light, 
a number of distinct fluorescent layers were visible in the column; these were 
separately eluted with a mixture of methyl alcohol and peroxide-free ether 
(4: 1). A considerable amount of a yellowish mobile oil (ca. 2 g.) was not ad- 
sorbed in the column. The various layers in the column starting at the top had 
the following characteristics: (1) yellowish brown 2-3 em. thick giving 0-22 g. 
eluate, (2) absorbent and greenish fluorescent 11 cm. thick giving 3-74 g. eluate, 
(3) bright blue fluorescent 5-5 cm. thick giving 0-6 g. eluate, (4) blue fluorescent 
11-5 em. thick giving 0-33 g. eluate. 

Fraction 2. The dark brown oil (3-74 g.) dissolved in pyridine (50 ml.) was 
refluxed for 2 hr. with p-nitrobenzoyl chloride (6 g.). After standing overnight, 
the solution was poured on ice and acidified with sulphuric acid. The somewhat 
sticky precipitate was collected, dried in vacuo over phosphorus pentoxide and 
extracted with boiling light petroleum (500 ml., B.p. 40-60°). The insoluble 
residue was now extracted with peroxide-free ether (500 ml.). 

Ether extract. After removal of p-nitrobenzoic acid with alkali, drying and 
evaporation, the residue set to a mass of crystals, M.P. 223-224°. The ester, after 
several recrystallizations from acetone, formed colourless crystals, M.P. 227- 
228°. (Found: C, 77-7; H, 9-2; N, 29%. C,,H.gO.C,H,O,N requires: C, 77-2; 
H, 9-3; N, 2.4%.) 

Hydrolysis of the above p-nitrobenzoate was effected by refluxing with 10% 
butyl alcoholic KOH during 2 hr., the use of this reagent being rendered 
necessary by the very low solubility of the ester in methyl! alcohol. After removal 
of the butyl alcohol by steam-distillation the flocky precipitate was taken up in 
ether. Evaporation of the extract left a hard glassy mass, which could not be 
crystallized from alcohol, acetone or mixtures of these solvents with each 
other and with water; in every case a stiff gel was produced. Crystallization was 
finally effected from a mixture of alcohol (50%), water (10%) and acetic acid 
(40%). Once crystallized in this way f-orysterol could be further purified by 
recrystallization from absolute methyl alcohol. Even the purest samples, how- 
ever, separate from solution initially as gels which slowly set to a mass of colour- 
less needles. 
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B-Orysterol has m.P. 113-114°. (Found: C, 84-3; H, 12-3; mol. wt. (Rast), 
382. Cy 9H;90 requires: C, 84-4; H, 11-8%; mol. wt. 426.) In alcoholic solution 
it is dextrorotatory, [«]7°+51-3°, and shows only feeble general ultraviolet 
absorption. In the Liebermann sterol reaction, the free alcohol and its esters 
show only a reddish yellow colour which rapidly changes to brown, the solution 
acquiring a green fluorescence. With digitonin in 96% alcohol in the cold, an 
amorphous precipitate is formed which dissolves on warming. This digitonide 
breaks up into its components on boiling with absolute alcohol. Tested on rats 
f-orysterol had no vitamin E activity in a dosage of 5 mg. 

B-Orysteryl B-naphthoate. The alcohol (60 mg.) dissolved in pyridine (5 ml.) 
was refluxed for 3 hr. with 8-naphthoyl chloride (0-4 g.), and the solution, after 
cooling, poured on ice and acidified with sulphuric acid. The precipitate was 
collected, dried and extracted with boiling light petroleum (B.P. 40—60°). The 
extract was freed from acid by shaking with sodium carbonate, dried and 
evaporated. The residue contained, in addition to the desired ester, a con- 
siderable amount of 8-naphthoic anhydride, m.P. 133-137°, which however was 
more soluble in acetone than f-orysteryl 8-naphthoate; the latter crystallized 
from acetone or alcohol in colourless plates. (Found: C, 84-2; H, 9-7%. 
Cy9H,4,0.C,,H,O requires: C, 84-4; H, 9:-7%.) 

A remarkable property of the ester is its behaviour on heating. In an 
ordinary melting-point apparatus it sinters slightly at 164° and melts sharply 
to a cloudy, liquid crystalline mass acquiring on further heating a red colour, 
which at 191° suddenly disappears with formation of a colourless transparent 
liquid. In thin layers (under the microscope) the appearance of the liquid 
crystalline phase is somewhat different; at 166° the melt has a lilac colour 
and on further heating becomes bluish green and strongly iridescent. In this 
state it is doubly refractive, the clear melt formed at 191° being isotropic. All 
these changes are observed in the reverse order on cooling and are common to 
the B-naphthoates of B- and y-orysterols and of «-tritisterol (see later). 

B-Orysteryl acetate. On heating B-orysterol for 90 min. with acetic anhydride, 
an acetate, M.P. 104°, was obtained which crystallized with difficulty from methyl 
alcohol. 

Light petroleum extract. The extracted material was separated into a more 
soluble gelatinous fraction and a sparingly soluble fraction, M.P. 193-205 
(consisting of a mixture of «-, B- and possibly also y-orysterol). The residual 
oily material from the mother-liquors of these fractions was combined with 
ester from the chromatogram fraction 3. 

a-Orysterol. The gelatinous, readily soluble fraction (1-13 g.) of the above 
extract was dissolved in a mixture of light petroleum and benzene (9: 1) and 
adsorbed on a column of activated aluminium oxide (Merck), the chromatogram 
being developed with ca. 11. of the same solvent. The middle section of the 
column, characterized by strong ultraviolet absorption, was eluted with per- 
oxide-free ether and yielded 0-95 g. of a slightly yellowish semi-crystalline mass. 
The small, brown, top layer of the column was discarded as were the blue 
fluorescent lower layer and the washings. 

This semi-crystalline product was not homogeneous and yielded on crystal- 
lization from alcohol a rather gelatinous ester, M.P. 182-189°, as well as some 
uncrystallizable oil. 

The above product (0-8 g.) was hydrolysed by refluxing for 2 hr. with methyl 
alcoholic KOH (10%), the solution diluted with water, extracted with ether and 
the extract dried and evaporated. The residual oil crystallized on standing. 
Recrystallization was difficult as the substance tended to separate from most 














2252 A. R. TODD AND OTHERS 


solvents as an oil. Crystallization was effected ultimately by slow concen- 
tration of an alcoholic solution at room temperature over phosphorus pentoxide. 
a-Orysterol was thus obtained as small colourless crystals, M.P. 121—-122°, after 
slight sintering at 118°. (Found: C, 84:7; H, 11-6%; mol. wt. (Rast), 390. 
CsoH;90 requires: C, 84-4; H, 11-8%; mol. wt. 426.) «-Orysterol gives with 
digitonin’ an amorphous precipitate which is moderately soluble in hot 96% 
alcohol. It shows only feeble ultraviolet absorption with no characteristic 
maxima, and in alcoholic solution is dextrorotatory, [x]; +49°. In the Lieber- 
mann test the substance gives a yellow colour which soon changes to brown, the 
solution at the same time acquiring a green fluorescence. 

With one sample of material the colour in the Liebermann test was at first 
red and changed rapidly through blue to greenish brown, but this was probably 
due to an impurity. 

a-Orysterol is unsaturated towards bromine or potassium permanganate and 
in biological tests it was found to be devoid of vitamin E activity in doses up 
to 5 mg. 

The m.P. of «-orysterol is depressed on admixture with B- or y-orysterol. 

The acetate was obtained as an oil which has not yet been crystallized. 

The small amount of oily material remaining in the crystallization mother- 
liquors of «-orysterol was also inactive in vitamin E tests (dosages up to 4 mg.). 
Esterification with p-nitrobenzoyl chloride in the usual manner gave an ester, 
M.P. 190-194°. 

a-Orysteryl p-nitrobenzoate. Esterification of pure «-orysterol with p-nitro- 
benzoyl chloride in pyridine gave an ester, M.P. 187-189°, which tended to form 
gels from all solvents tried and was only crystallized from alcohol with great 
difficulty. (Found: C, 77-2; H, 9-0; N, 28%. CypH4ygO.C;H,O,N requires: 

1, 17-2; H, 9-3; N, 2-4%.) 

a-Orysteryl B-naphthoate. On heating with B-naphthoy]l chloride in pyridine, 
«-orysterol gave a B-naphthoate crystallizing from alcohol or acetone in needles, 
M.P. 174-177°; an unstable liquid crystalline phase could be obtained by super- 
cooling the melt. (Found: C, 84-1; H, 9-0%. Cy9H,,0.C,,H,O requires: C, 84-8; 
H, 9-7%.) Mixed with the 8-naphthoates of B- or y-orysterol marked depression 
in M.P. was observed. 

Fraction 3. The oily eluate was p-nitrobenzoylated but the ester mixture 
could not be crystallized. It was combined with the oily nitrobenzoate obtained 
in the working up of fraction 2 (above), hydrolysed and B-naphthoylated. By 
direct crystallization of the product a naphthoate, m.p. 149-152°, showing a 
liquid crystalline phase (till 180°) on heating was obtained. The mother-liquors 
of this substance were submitted to chromatographic analysis on activated 
aluminium oxide (Merck) previously treated with phenol to reduce its alkalinity ; 
in this way a naphthoate, m.p. 124-128°, was obtained. Owing to the small 
amounts, these products were not further investigated. 

Isolation method II for B- and y-orysterols. The starting material in this case 
was a preparation of the unsaponifiable matter of rice germ oil from which a 
large amount of crystalline sterol had been removed by crystallization. The oil 
showed full vitamin E activity in rats in a dosage of 125 mg. 

The oil (25 g.) was dissolved in light petroleum (500 ml., B.p. 40-60°), 
filtered, adsorbed on a column of activated aluminium oxide (Merck) and 
developed with ca. 2 1. of the same solvent. The chromatogram was divided into 
three portions: (a) brown layer at top, (6) sand coloured main fraction, showing 
ultraviolet absorption, (c) lower yellowish layer. (a) and (c) were neglected as 
was also the non-adsorbed oil (6-2 g.). The main fraction (b) was eluted with 
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ether-methyl alcohol (1 : 4); on concentrating the solution obtained, a quantity 
of sterol (3-9 g.) separated and was filtered off (M.P. 120-130°). The filtrate at this 
stage had a volume of 220 ml.; it was divided into two equal portions which 
were worked up separately as follows: 

A. The first portion (=12-5g. starting material) was precipitated with 
digitonin (350 ml. of 1% solution in 90% alcohol). Only crystalline digitonides 
(3 g.) separated. On evaporating the filtered solution and extracting the residue 
with light petroleum an oil was obtained which distilled entirely at 230- 
260°/0-2 mm. (3-7 g.). The entire distillate was esterified with f-naphthoyl 
chloride in pyridine. The crude ester (ca. 2 g.) crystallized on trituration with 
acetone and was pressed thoroughly on a filter to get rid of oil. 

Successive crystallizations from ethyl acetate, alcohol and acetone gave 
y-orysteryl B-naphthoate, M.p. 157°. The mother-liquors from these crystal- 
lizations furnished on concentration and further purification B-orysteryl B- 
naphthoate, M.P. 166°. 

y-Orysterol. The above naphthoate, m.P. 157°, hydrolysed by refluxing with 
10% butyl alcoholic KOH, yielded crude y-orysterol, M.p. 104—106°. Like the 
f-compound y-orysterol usually separates initially from solution as a gel which 
quickly crystallizes; crystallization was effected in the first instance from acetic 
acid-alcohol, and further recrystallization from methyl alcohol gave a final 
M.P. 119-120°. (Found: C, 83-7; H, 11:9%. CsgH;,90 requires: C, 84-4; H, 
11-8%.) y-Orysterol resembles f-orysterol closely in all its properties and no 
definite depression in M.P. isobserved on mixing the two substances. In vitamin E 
tests on rats y-orysterol showed no activity in doses up to 5 mg. In alcoholic 
solution it has [«]*” +51-9°. 

y-Orysteryl B-naphthoate. The B-naphthoate (see above) has M.P. 157°, with 
liquid crystalline phase up to 187°. (Found: C, 84-6; H, 9-3%; mol. wt. (Rast), 
520. CypHgO.C,,H,O requires: C, 84-8; H, 9-7°%; mol. wt. 580.) 

It crystallizes in needles and shows no clear depression in M.P. when mixed 
with f-orysteryl B-naphthoate (plates, M.p. 166°); despite numerous efforts, no 
evidence that these substances were dimorphous forms of one compound could 
be obtained. 

y-Orysteryl p-nitrobenzoate. Esterification of y-orysterol with p-nitrobenzoyl 
chloride in pyridine gave an ester crystallizing from acetone in leaflets, M.p. 232— 
233°. (Found: C, 77-3: H, 9-1; N, 2-8%. CypHygO.C;H,O,N requires: C, 77-2; 
H, 9-3; N, 2-4%.) No depression in M.P. was observed on mixing with f-ory- 
steryl p-nitrobenzoate (M.P. 227-228°). 

B. The second portion of 110 ml. solution was evaporated to dryness and the 
residue distilled in a high vacuum. The main bulk of the oil distilled with some 
decomposition at 210-250°/0-1-0-2 mm. 

The distillate (5-9 g.) was dissolved in hot 96% alcohol (100 ml.) and 1% 
digitonin solution (300 ml.) added, following the procedure used by Karrer & 
Salomon [1937] for the tritisterols. The crystalline sterol digitonides were 
filtered off from the hot mixture and the filtrate on cooling deposited a mass of 
amorphous digitonides which was collected and washed with absolute alcohol. 
By repeated concentration of the filtrate and addition of further amounts of 
digitonin (in all a further 5-7 g.) all the orysterols were precipitated. 

The non-precipitable fraction, which we later found to contain all the 
vitamin E activity, was a brownish waxy mass which could not be crystallized, 
nor could the oil obtained from it on B-naphthoylation, despite repeated efforts 
at fractional adsorption and precipitation. 

The above amorphous digitonides (8-1 g.) were decomposed by dissolving in 
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warm pyridine (30 ml.) and precipitating the digitonin with peroxide-free 
ether (350 ml.) [ef. Schoenheimer & Dam, 1933]. 

The digitonin-free solution was evaporated and the non-crystalline residue 
esterified with 8-naphthoyl chloride in pyridine. From the mixture of crystalline 
esters produced £- and y-orysteryl B-naphthoates could be separated as well as 
traces of a higher-melting ester (M.P. ca. 168°) which may have been largely 
a-orysteryl B-naphthoate. 

Isolation method III. By using methods I and II described above, but 
omitting the distillation of the concentrates, the same substances were isolated. 


(b) Experiments on wheat germ oil 


As starting material for experiments on wheat germ oil we employed a pre- 
paration of the unsaponifiable matter from which most of the sterols had been 
removed by freezing out. This oil, which was kindly supplied by Messrs Glaxo 
Laboratories, Ltd., to whom we express our thanks, showed full vitamin E 
activity when tested on rats in a dosage of 125 mg. 

The oil (125 g.) was dissolved in light petroleum (1 1., B.p. 100—-120°), washed 
with 92°% methyl alcohol and then partitioned between light petroleum and 
absolute methyl alcohol as described by Evans et al. [1936]. The methyl alcohol 
fraction was concentrated and freed from sterols as far as possible by allowing to 
stand at 0° for several hours and filtering off the precipitated solid. The resulting 
oil (35 g.), after removal of methyl alcohol, was distilled in a high vacuum 
(a) B.P. 160-210°; pale yellow oil (10 g.) and (b) B.P. 210-255°; orange viscous 
oil (19 g.). Fraction (a) consisted mainly of hydrocarbons and was neglected. 

Fraction (5) (19 g.) was dissolved in 90% alcohol (1 1.) and the sterols giving 
crystalline digitonides (ca. 8 g.) removed by precipitation with 1°, digitonin 
solution. The solution was evaporated, and the residual oil, freed from digitonin, 
dissolved in light petroleum (B.P. 40—-60°) and adsorbed on a column of activated 
aluminium oxide (Merck). The chromatogram was developed with the same 
solvent, and when complete was similar in appearance to the analogous chroma- 
tograms of Drummond et al. [1935] and Karrer & Salomon [1937]. It was 
divided into four sections as follows and eluted with a mixture of benzene- 
acetone-methyl] alcohol (8: 1: 1) this being found the most effective solvent for 
elution. 


Fraction Appearance Eluate 
1 Greenish yellow Dark brown oil (1-2 g.) 
2 Sandy Pale yellow oil (3-0 g.) 
3 Yellow Pale yellow oil (4-2 g.) 
Colourless Colourless oil (3-5 g.) 
Non-adsorbed Colourless (3-1 g.) — 


The oil from fraction 2 was found to possess vitamin E activity in a dosage 
of 25 mg. For further work fractions 2 and 3 were combined. 

Isolation method I. The above oil from the combined fractions 2 and 3 (4 g.) 
was esterified by refluxing (2-3 hr.) with p-nitrobenzoyl chloride in pyridine 
solution and the mixture was poured on ice and acidified with sulphuric acid. 
The precipitate was collected, dried, extracted with boiling light petroleum and 
the extract shaken with sodium hydroxide to remove acidic material. After 
drying, the light petroleum solution was concentrated to ca. 50 ml. vol.; on 
standing a quantity of crystalline material separated, and further concentration 
yielded a second crop. The combined crystalline fractions were recrystallized from 
acetone (fraction A). The oil left on evaporating the light petroleum mother- 
liquor was dissolved in a mixture of equal volumes of alcohol and acetone 
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(ca. 20 ml.). On standing, a crystalline ester separated and was recrystallized 
from alcohol (fraction B). A further quantity of this ester was obtained by dis- 
solving the oily part in light petroleum and adsorbing on a column of activated 
aluminium oxide (Merck) previously treated with phenol to reduce alkalinity. 
The chromatogram was developed with light petroleum containing 2-3°% of 
benzene; apart from a very small colourless fraction (eluate 0-1 g.) at the base 
and a narrow brown ring at the top (eluate 0-3 g.), the column consisted of two 
main fractions when viewed in ultraviolet light: (1) an upper colourless layer 
(eluate 1-3 g.) and (2) a lower highly absorbent layer (eluate 1-0 g.). A quantity 
of non-adsorbed material passing through the column was discarded. 

The eluate from (1), on dissolving in alcohol and allowing to stand, gave a 
further quantity of fraction B, while the eluate from (3) left for a time in 
alcohol-acetone solution deposited a small quantity of a third crystalline ester 
(fraction C). The main bulk of oily esters remaining after removal of these three 
fractions could not be crystallized. 

Fraction A. The substance (140 mg.) crystallized from acetone in colourless 
needles, M.P. 234-235°. (Found: C, 77-2; H, 9-3; N, 2°7%. CsgH4gO.C,H,O,N 
requires: C, 77-2; H, 9-2; N,2-4%.) It was found on hydrolysis that this appar- 
ently pure substance is really a mixture. 

The ester was hydrolysed by refluxing with methyl alcoholic KOH in a 
nitrogen atmosphere. The product, which had the tendency to gel formation 
noted in the case of the orysterols could be separated by fractional crystallization 
from methyl alcohol into two components. The less soluble substance formed 
colourless needles, M.P. 174-175° (3 mg. from 60 mg. ester). On account of the 
small quantity available it was not possible to characterize the substance more 
closely or to purify it further. (Found: C, 83-0; H, 11-79%. CypH; 90 requires: 
C, 84-4; H, 118%.) It showed no vitamin E activity in doses of 3 mg. The 
Liebermann colour test was similar to that of «-tritisterol. 

The more soluble main fraction gave finally a crystalline alcohol, m.p. 113- 
114°, having the properties recorded for «-tritisterol. (Found: C, 83-7; H, 11-7%. 
Cy9H;90 requires: C, 84-4; H, 11-38%.) The acetate had m.p. 105-106° (Karrer & 
Salomon give M.P. 107—108°) and the B-naphthoate formed needles, M.p. 158— 
159° indistinguishable from those of y-orysteryl B-naphthoate. Mixed with the 
latter compound or with f-orysteryl 8-naphthoate no depression in M.P. was 
observed. The Liebermann test gave the same coloration as with the orysterols. 
No vitamin E activity was shown in doses up to 5 mg. «-Tritisteryl 8-naphthoate 
has also been obtained-by Drummond & Hoover [1937] from a wheat germ oil 
concentrate, although they failed to crystallize the parent alcohol, which they 
reported as being biologically inactive. They assume the identity of their product 
with the B-naphthoate of Kimm’s active alcohol from rice. 

Fraction B. The ester crystallized from alcohol had m.P. 213-215°. (Found: 
C, 77-1; H, 9-0; N, 28%. CygpH4gO.C,H,O,N requires: C, 77-2; H, 9-3; N, 2-4%.) 

This ester appeared not to be homogeneous, as hydrolysis afforded a small 
amount of a gelatinous alcohol in addition to a main product which, recrystallized 
first from alcohol and then from light petroleum, had m.P. 197°. (Found: C, 83-7; 
H, 11-6%; mol. wt. 426. Cj 9H; requires: C, 84-4; H, 118%; mol. wt. 426.) 
That this substance was f-amyrin was confirmed by a mixed M.P. with an 
authentic specimen (M.P. 199°). It yielded an acetate, M.P. 236-237°, unde- 
pressed by admixture with authentic B-amyrin acetate (kindly supplied by 
Dr F. 8. Spring to whom we express our thanks). 

Fraction C. By recrystallization from acetone an ester, M.P. 185°, was 
obtained. (Found: C, 77-6; H, 9:2%. CsgHygO.C,;H,O,N requires: C, 77-2; 
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H, 9-3%.) Hydrolysis of the ester gave an oily alcohol which had no vitamin E 
activity in doses of 5 mg. 

Isolation method II. The remaining oil from chromatogram fractions 2 and 3 
was dissolved in 96%, alcohol and the tritisterols precipitated with digitonin 
according to Karrer & Salomon [1937]. After decomposing the digitonides the 
sticky mass of alcohols was esterified with B-naphthoyl chloride in pyridine 
solution. By repeated fractionation of the crystalline ester, «-tritisteryl B- 
naphthoate was obtained as colourless needles, M.P. 158-159°, showing the liquid 
crystalline phase to 186° noted for y-orysteryl B-naphthoate. (Found: C, 84-0; 
H, 93%. CsgH g0.C,,H,O requires: C, 84-8; H, 9-7%). 

From the mother-liquors various fractions were isolated with M.P. ranging 
from 134 to 160° but no other sharp-melting product could be obtained. 


SUMMARY 


1. Methods are described for the isolation of three apparently homogeneous 
alcohols: «-orysterol, M.P. 121—-122°; B-orysterol, m.p. 113-114°; y-orysterol, 
M.P. 119-120°, from the unsaponifiable matter of rice germ oil. These substances 
appear to be isomeric and to have an approximate formula C3)H,)0. 

2. By similar methods f-amyrin, «-tritisterol, M.p. 113-114°, and a third 
alcohol, m.p. 174-175°, were obtained from wheat germ oil. 

3. All the substances isolated were devoid of vitamin E activity, the activity 
remaining in the uncrystallizable fractions of the oils. 

4. The supposed “vitamin E” of Kimm [1935, 2] corresponds in its properties 
to y-orysterol, which is quite inactive. 


Our thanks are due to Miss A. M. Copping of this Institute, Prof. E. V. 
Demole (Messrs Hoffmann-La Roche), Mr A. L. Bacharach (Glaxo Laboratories, 
Ltd.), Miss M. M. O. Barrie (British Drug Houses, Ltd.), for valuable assistance 
in biological testing ; also to Messrs Hoffmann-La Roche and Glaxo Laboratories, 
Ltd., for generous gifts of material. 
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CCLXXVII. STUDIES ON VITAMIN E 


II. THE ISOLATION OF £-TOCOPHEROL 
FROM WHEAT GERM OIL 


By ALEXANDER ROBERTUS TODD, FRANZ BERGEL 
AND THOMAS SPENCE WORK 


From the Biochemical Department, Lister Institute, London 
(Received 1 November 1937) 


THE isolation from wheat germ oil of two isomeric oily alcohols «- and B-toco- 
pherol both showing vitamin E activity has been reported by Evans ef al. [1936]. 
These workers purified the unsaponifiable matter of their oil by partition 
between pentane and methyl alcohol, followed by removal of sterols by freezing 
out. The concentrated oil thus obtained, active in a dose of 10 mg. on rats, gave 
on saturation with cyanic acid in benzene solution a mixture of allophanates 
from which three crystalline esters were separated (a) M.P. 250°, (b) M.P. 158- 
160° and (c) M.P. 135-138°. The ester, M.P. 250°, was thought to be B-amyrin 
allophanate, while (6)—the main product—gave on hydrolysis an oil, «-toco- 
pherol, showing vitamin E activity in a dosage of 3 mg. and (c) yielded a some- 
what less active oil, 8-tocopherol, on similar treatment. 

The tocopherols appeared to be isomeric monohydric alcohols of approximate 
formula C.,H;,0,, the second oxygen atom being presumably present in an ether 
linkage. No yields were given. 

Our early experiments on the isolation of vitamin E (see preceding paper) 
from rice and wheat, having convinced us of the inaccuracy of Kimm’s [1935] 
results and of the impracticability of isolating the vitamin by p-nitrobenzoy]- 
ation or naphthoylation of concentrates, we turned our attention to allophana- 
tion in the hope that the results of Evans et al. [1936] might be confirmed. At 
first we endeavoured to repeat the procedure described by these authors, but 
failed to obtain any definitely crystalline product other than the allophanate 
M.P. 256-257° (Evans et al. give M.p. 250°) derived from an alcohol Cj5H;,0. This 
failure we ascribe to the fact that we were quite unable to obtain, by their 
method, concentrates from wheat germ oil having anything like the activity they 
reported. The purified oil of the American authors was active in a dosage of 
10 mg.; our similarly treated concentrates were never active in a dosage less 
than 30 mg. It was therefore clear that further purification would be necessary 
before application of the allophanate isolation method. 

We were able by hydrolysis of the oily esters left after removal of the triti- 
steryl p-nitrobenzoates from distilled wheat germ oil concentrates (see preceding 
paper) to obtain oils from which poor yields of 8-tocophery! allophanate and an 
allophanate M.P. 158-159° (apparently not identical with «-tocopheryl allo- 
phanate) could be obtained on treatment with cyanic acid. Similar poor yields 
were obtained by Drummond & Hoover [1937] from their wheat germ oil con- 
centrates. We have since worked out a more satisfactory purification process for 
the unsaponifiable matter of wheat germ oil, which yields regularly oils showing 
vitamin E activity in a dosage of about 15 mg. Details of this process are given 
in the experimental section ; it involves partition, chromatographic analysis and 
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precipitation of tritisterols with digitonin. The oils obtained have the property 
of reducing ammoniacal methy] alcoholic silver nitrate in the cold with formation 
of a silver mirror. This property may indeed be used during the later stages of 
the purification process to determine in which fractions the vitamin occurs, since 
it is always associated with vitamin E in our experience. On saturating benzene 
solutions of the active oils with cyanic acid a complex mixture of allophanates 
is obtained, from which products similar to those described by Evans ef al. can 
be isolated. 

For the isolation of B-tocopheryl allophanate and the allophanate of M.pP. 
256-257° simple fractionation with solvents is very unsatisfactory, being attended 
by considerable loss of material. The isolation of the crystalline allophanates is 
fairly readily effected, however, by taking advantage of the fact that they are 
much more strongly adsorbed on activated aluminium oxide (Merck) than the 
other constituents of the mixture. Elution of the adsorbates with a mixture of 
benzene, acetone and methyl alcohol, gives a somewhat sticky product from 
which the crystalline allophanate, M.p. 256—257°, can readily be separated by 
reason of its very sparing solubility in acetone. Crystallization of the more 
soluble portion from methyl alcohol yields a trace of an allophanate, M.P. 158- 
160°, corresponding in M.P. to the «-tocopheryl allophanate of Evans e¢ al. [1936] 
and a very much larger amount of f8-tocopheryl allophanate, M.P. 138-139°. 
Further crystallization of the latter substance yields a product, M.P. 143-5- 
144-5°, crystallizing in beautiful colourless laths (Fig. 1). A remarkable feature 





Fig. 1. B-Tocopheryl allophanate ( x 80). 


of our results is the virtual absence of «-tocopheryl allophanate from our pro- 
ducts. From 250 g. of a concentrate of the unsaponifiable matter of wheat germ 
oil (fully active in a dose of 125 mg.) we obtained at most a few mg. crude 
“y-tocopheryl allophanate”’ of doubtful identity, and nearly 1 g. crude B-toco- 
pheryl allophanate. There can be little doubt as to the homogeneity of our 
B-tocopheryl allophanate, which yields on hydrolysis an alcohol showing full 
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vitamin E activity in a dosage of 5 mg. It should be emphasized that this is not 
necessarily the minimum dose which will show activity; owing to the protracted 
nature of the biological test method the minimum dose for activity will be 
reported later. 

After removal of the crystalline allophanates the residual oil was hydrolysed 
in a nitrogen atmosphere. The product did not reduce ammoniacal methyl 
alcoholic silver nitrate solution; moreover, it showed no vitamin E activity in 
doses of 50 mg. and 100 mg. In view of these facts we are of the opinion that 
“vitamin E” in our wheat germ oil concentrates consists almost entirely of 
B-tocopherol. 

B-Tocopheryl allophanate appears to have the formula C,,H,;,0,N, or 
C3,H;90,N2, ie. it is the allophanate of a monohydric alcohol, £-tocopherol, 
CyogH ys 5902, in agreement with the results of Evans et al. [1936]. On the avail- 
able evidence, of course, a Cy, formula for B-tocopherol cannot be excluded. The 
allophanate is dextrorotatory in chloroform solution [«]?\;,+7-4°; we have 
examined several specimens at different stages of purification and from different 
isolations and think it unlikely that this rotation is due to impurity. 

From certain fractions of the purified oils obtained in the course of our work 
we obtained by the action of cyanic acid a crystalline allophanate, M.P. 73-5— 
745°, which, from its analytical values, appeared to be the allophanate of a 
mono-unsaturated alcoho] C,y,H,O containing 3-4 side-methyl groups. Phytol 
being of common occurrence in nature it seems possible that this substance may 
be phytyl allophanate.! 

The allophanate of M.P. 256—257° has not yet been thoroughly investigated. 
It derives from an alcohol of probable formula C,,H;,0; since B-amyrin allo- 
phanate has M.p. 272-273° (Drummond & Hoover [1937] give M.P. 266°) it is 
unlikely that this alcohol is B-amyrin. We have not obtained the allophanate 
M.P. 230—232° reported by Drummond & Hoover; this may have been derived 
from one of the tritisterols. 

The chemical nature of 8-tocopherol will form the subject of a later com- 
munication. 

EXPERIMENTAL 

Isolation of B-tocopheryl allophanate. As starting material we employed a 
concentrate of the unsaponifiable matter of wheat germ oil supplied by Messrs 
Glaxo Laboratories, Ltd., and showing vitamin E activity in a dosage of 125 mg. 
Throughout our experiments all operations involving heating above room tem- 
perature were carried out in a nitrogen atmosphere. The concentrate (250 g.) 
was dissolved in light petroleum (2 1., B.p. 100—-120°) and washed with 92% 
methyl alcohol. Partition between light petroleum and absolute methyl alcohol 
was then carried out in the manner described by Evans ef al. [1936], 5 1. of 
methyl alcohol (in portions of 500 ml.) being used. The oil obtained from the 
methyl alcohol fraction in the partition process was redissolved in absolute 
methyl alcohol (750 ml.) and allowed to stand at 0° during 24 hr. The dark brown 
semi-crystalline mass (40 g.) which separated was collected, and the filtrate 
yielded on evaporation a dark brown oil (58 g.). After setting aside 1 g. for 
various tests, the oil was divided into three equal portions and submitted to 
chromatographic analysis on activated aluminium oxide (Merck) using a column 
35 cm. x 4-5 cm. diam. the solvent used being light petroleum’ (40—60°). The 
chromatograms, after developing with light petroleum (ca. 5 1.), all had a similar 

1 Since the above was written we have established the identity of this substance with phytyl 
allophanate (m.p. 78°). Repeated recrystallization raises the M.p. to 77—78°, undepressed on 
admixture with synthetic phytyl allophanate. 
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appearance and, viewed in ultraviclet light, showed six distinct zones: (1) narrow, 
orange layer at top; (2) yellow; (3) sandy, strongly absorbent; (4) large white 
layer; (5) orange-yellow; (6) blue-fluorescent; the non-adsorbed material was 
also blue-fluorescent. The column in each case was divided into four sections 
each eluted separately with benzene-acetone-methy]l alcohol (8 : 1 : 1): (A) zone 1 
(2-5 em.), (B) zones 2 and 3 (6 cm.), (C) zones 4 and 5 (14 cm.), (D) zone 7 and 
washings. The eluates from corresponding fractions were combined giving 
finally: (A) dark gummy oil (6-7 g.), (B) dark gummy oil (14-7 g.), (C) pale 
yellow oil (25-5 g.), (D) pale yellow oil (ca. 18 g.). 

In view of the fact that a small loss was experienced in the above procedure, 
the aluminium oxide from section B in each column was extracted in a Soxhlet 
apparatus with acetone-methyl alcohol (1:1) and the extract (about 0-1 g. in 
each case) compared with the main eluate of the corresponding section. The loss 
due to incomplete elution is probably of no significance in the ordinary way. 
Sections A, B and C from the chromatogram were examined separately, section D 
being neglected as far as isolation of vitamin E was concerned. 

Section A. This oil had little reducing power and was therefore not further 
examined for vitamin E. On standing in light petroleum (50 ml., B.P. 40-60°) 
for several weeks a red carotenoid colouring matter (15 mg.) separated. This 
substance, as yet unidentified, had m.p. 194° after recrystallization from 
benzene. 

Section B. The oil (14-7 g.) was dissolved in methyl alcohol (100 ml.) and 
allowed to stand at room temperature during 24 hr.; some crystalline sterol 
(1-4g.) was filtered off and the methyl alcoholic solution evaporated. The 
residual oil was dissolved in 90% alcohol (250 ml.) and the tritisterols removed 
by complete precipitation with digitonin (14 g. in all) according to Karrer & 
Salomon [1937]. The clear solution remaining after this treatment was evaporated 
to dryness in vacuo, taken up in benzene, filtered from digitonin and again 
evaporated. The residual brown oil (9-5 g.) showed vitamin E activity in a 
minimum dosage of 15 mg. 

Allophanation of tritisterol-free oil from section B. The brown oil (9-0 g.) was 
dissolved in dry benzene (250 ml.) cooled to 0-5° and saturated with cyanic 
acid (from 15 g. cyanuric acid heated in a slow stream of CO,). The benzene 
solution was kept at 5° for 48 hr., then heated to boiling and filtered from cyame- 
lide, the latter being washed repeatedly with hot benzene. The combined filtrate 
and washings were evaporated and the residue triturated with cold acetone 
(100 ml.). A quantity of the allophanate, M.p. 256-257°, was left undissolved 
and was filtered off. The acetone solution was evaporated and the residual oil 
dissolved in light petroleum (B.P. 60-80°). On attempting to run this material 
through a column of activated aluminium oxide the column choked owing to 
separation of solid material; this difficulty may be overcome by using higher 
boiling petroleum (B.P. 100—-120°), but the following method using the lower 
boiling solvent worked quite satisfactorily. The solution was shaken with a 
small quantity of activated aluminium oxide (Merck) (ca. 30 g.), filtered and then 
passed through a column of the same adsorbent (30 x 2 em. diam.) and developed 
with light petroleum (B.P. 60-80°). The chromatogram showed three zones in 
daylight: (a) pale brown zone at top (12 cm.), (6) orange zone (3 cm.), (c) colour- 
less zone (12 cm.). The column was divided into three sections (2, 3 and 4) from 
the top downwards, 7-5, 7-5 and 12 cm. long respectively, which were separately 
eluted with benzene-acetone-methyl alcohol (8: 1:1). The alumina used in the 
preliminary treatment by shaking was also eluted (fraction 1). The weights of the 
eluted oils were as follows: (1) 3-7 g., (2) 1-65 g., (3) 1-25 g. Fraction (4) gave an 
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oil which was united with the non-adsorbed material and set aside as containing 
negligible amounts of active substance. 

Fraction (1) was dissolved in methyl alcohol (50 ml.) and allowed to stand in 
the ice-chest. The brownish solid which separated was collected and stirred with 
cold acetone. A quantity of insoluble allophanate of m.p. about 250° was 
filtered off, the solution evaporated and the residue dissolved in warm methyl 
alcohol. On standing, a trace of a product separated having M.P. about 150—154° 
which was possibly «-tocopheryl] allophanate. After filtering this off the mother- 
liquor deposited a yellowish crystalline mass (550 mg.), M.P. 137-142° (8-toco- 
pheryl allophanate). 

Fraction (2) gave on similar treatment a further quantity of B-tocopheryl 
allophanate (130 mg.), M.p. 137—140°, together with a little of the allophanate of 
M.P. ca. 250°. 

The non-crystalline residues from sections (1) and (2) were combined, dis- 
solved in light petroleum (B.P. 100—120°) and adsorbed on a column of activated 
aluminium oxide (30 x 2 cm. diam.). After developing with the same solvent the 
chromatogram was similar in appearance to the previous one, the upper pale 
brown zone being divided into two portions: (a) 6 cm. yielding 1-35 g. oil, and 
(b) 6em. yielding 1-35 g. oil. From (b) B-tocopheryl allophanate (250 mg.), 
M.P. 134-137°, was isolated by crystallization. 

Section C. The oil (26 g.) dissolved in light petroleum (B.P. 40-60°) was sub- 
mitted to chromatographic analysis on a column of activated aluminium oxide 
(Merck) (40 x 5 cm. diam.). After developing with ca. 3 1. of light petroleum the 
column—which showed seven distinct zones in ultraviolet light—was divided 
into four sections: (1) yellowish layer (3 cm.) not eluted, (2) absorbent (7 cm.) 
giving 4-45 g. viscous oil, (3) colourless (17 cm.) giving 12-9 g. limpid yellow oil, 
(4) orange-yellow and blue fluorescent (7 cm.) giving 6-05 g. yellow oil. 

The oil from section (2), on standing in methyl alcoholic solution, deposited 
some crystalline sterol (0-15 g.); after removing this, tritisterols were removed 
with digitonin (4 g.) and the remaining oil (3-5 g.) treated with cyanic acid in 
the usual way and the allophanate mixture fractionated by chromatographic 
analysis; from the upper layers of the chromatogram f-tocophery] allophanate 
(150 mg.), M.p. 137—142°, was obtained together with some allophanate of M.P. 
about 250°. 

The oil (12-9 g.) from section (3) in the above chromatogram was freed from 
tritisterols with digitonin (5-3 g.) in the usual way and the residual oil treated 
with cyanic acid as before. From the oily product some allophanate (0-5 g.), 
M.P. about 250°, was separated by trituration with cold acetone. The acetone 
solution was evaporated and the residue dissolved in warm methyl alcohol. 
On cooling some gummy material separated; after filtering the mother-liquor 
was concentrated to about 50 ml. volume and left in the ice-chest. The oil which 
separated crystallized from a fresh quantity of methyl alcohol in small crystals 
(700 mg.), M.P. 70°. 

The total yields of the various crude allophanates from 250 g. starting 
material in the above experiment were thus as follows: allophanate, M.P. ca. 250°, 
ca. 1 g.; «-tocopheryl allophanate (?), ca. 2mg.; f-tocopheryl allophanate, 
ca. 1-08 g.; allophanate, M.P. 70°, ca. 700 mg. 

a-Tocopheryl allophanate (?). The total available amount of this material 
was so small that it was impossible to identify it properly. It may have been 
identical with the substance of similar M.P. isolated from the wheat concentrates 
freed from crystalline tritisterols by acylation (see below). Recrystallized, it had 
M.P. 158-160°. 
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B-Tocopheryl allophanate. The combined crude allophanate isolated above 
had a rather indefinite M.P. 137-140° and separated from methyl] alcohol in small 
needle- or rod-shaped crystals. It still contained a small amount of the allo- 
phanate, M.P. 250° (ca. 0-1 g.), which could be separated by renewed treatment 
with acetone. £-Tocopheryl allophanate of m.p: 139-140° is readily obtained by 
a simple recrystallization from methyl alcohol. Repeated recrystallization from 
methyl alcohol and acetone yields finally a product of M.P. 143-5-144-5° (Evans 
et al. [1936] give M.P. 138°) crystallizing in beautiful colourless laths (Fig. 1); 
the purification is, however, accompanied by considerable loss as the substance 
is rather soluble in methyl alcohol. As the crystallization mother-liquors yield, 
on working up, only further quantities of the same material, we are of the opinion 
that the material of M.p. 139-140° is already practically pure. 

B-Tocopheryl allophanate analyses in agreement with a formula C,,H;,0,N. 
or C3,H;,0,N,. (Found: C, 72-0; H, 9-9; N, 5-6%. C,,H;.0,N, requires: C, 72-0; 
H, 10-2; N, 5-4%. Cs,H;90,N, requires: C, 72-3; H, 9-7; N, 5-5%.) In chloro- 
form solution (c= 2-2; 1=2:-2) it is dextrorotatory, [«]?),, +7-4); various samples 
were examined and the lowest specific rotation observed was about +6°. 

On oxidation with chromic acid (Kuhn-Roth method) B-tocopheryl allo- 
phanate gave 3-2 mol. acetic acid. It does not reduce ammoniacal methyl 
alcoholic silver nitrate solution. Hydrolysed in an atmosphere of nitrogen by 
heating for 45 min. with 4% methyl alcoholic potassium hydroxide it yields 
8-tocopherol as a slightly yellowish oil, which readily reduces ammoniacal methyl 
alcoholic silver nitrate. Tested on rats 8-tocopherol (from allophanate, M.P. 139- 
140°) showed full vitamin E activity in a dosage of 5 mg. We are indebted to 
Dr E. L. Smith (Glaxo Laboratories, Ltd.) for the following spectrographic data: 
B-tocopherol in alcohol shows a single absorption maximum at 295m p (£}\!:, =87). 

Allophanate u.p. 250°. Recrystallized from acetone the substance formed 

small colourless crystals, M.P. 256—-257°. (Found: C, 74:7; H, 9:9; N, 55%. 
C32H;20,N, requires: C, 74:9; H, 10-2; N, 5-5%.) It has not yet been further 
examined but does not appear identical with f-amyrin allophanate (M.p. 272- 
273°). 
Allophanate u.p. 70°. Further recrystallization from methyl alcohol gave a 
product, M.P. 73-5-74-5°, separating in small matted granules. (Found: C, 69-8; 
H, 10-7%. CopHyO3N, requires: C, 69-2; H, 10-9%.) Oxidation with chromic 
acid (Kuhn-Roth method) gave 2-6 mol. acetic acid (i.e. 3-4 side methyl groups). 
The substance decolorizes bromine instantaneously. 

Oily allophanates. After removal of the crystalline allophanates all the oily 
fractions were combined and hydrolysed by refluxing in a nitrogen atmosphere 
with 4% methyl alcoholic KOH. The resulting oil had no reducing action on 
ammoniacal methyl alcoholic silver nitrate. Moreover, it showed no vitamin E 
activity in doses of 50 and 100 mg. 


Preparation of crystalline allophanates from oils obtained after removal of 
tritisterols by p-nitrobenzoylation 

The uncrystallizable oily esters (6-8 g.) left after removal of crystalline 
p-nitrobenzoates in the wheat germ oil isolation method I described in Part I 
(preceding paper) were hydrolysed by refluxing for 3 hr. with 7% methyl 
alcoholic KOH. The oil (5-0 g.) was then treated with cyanic acid and the 
resulting oily allophanate mixture fractionated by adsorption and crystallization 
in a manner similar to that described above. In this way were isolated (a) the 
allophanate of M.P. ca. 250° (100 mg.); (6) an allophanate of m.p. 158-159°, 
corresponding in appearance and M.P. to «-tocopheryl allophanate (ca. 8 mg.); 
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(c) B-tocophery] allophanate, M.P. 138-139° (180 mg.), and (d) the allophanate of 
M.P. 70° (20 mg.). 

Allophanate m.p. 158—159°. This material crystallized from methy] alcohol in 
small granules having an appearance similar to that described by Evans et al. 
for «-tocopheryl allophanate (M.P. 158-160°); the crystals, however, were aniso- 
tropic. The analytical values for this material indicate that it is not «-tocopheryl 
allophanate and is derived from an alcohol of approximate formula C.)H,,0. 
(Found: C, 75-0; 75-3; H, 10-2, 10-4%. Cs.H;,0,N, requires: C, 74-9; H, 10-2 %.) 


SUMMARY 


1. B-Tocophery] allophanate, m.P. 143-5-144-5°, has been obtained from the 
unsaponifiable matter of wheat germ oil by an improved method. It is optically 
active and analysis indicates a formula similar to that suggested by Evans ef al. 
The parent alcohol, 8-tocopherol, shows an absorption maximum at 295my. 

2. The vitamin E activity of our concentrates appears to be due to B-toco- 
pherol, which, when tested on rats, shows full activity in a dose of 5 mg. 

3. Although traces of an allophanate of m.P. 158-160° were obtained, it is at 
least doubtful whether this is the «-tocopheryl allophanate of Evans et al. The 
high-melting allophanate of these authors (M.P. 256—-257°) was also obtained, 
together with an allophanate of M.P. 73-5-74-5° derived from an unsaturated 


alcohol C,,H,,0. 


Our thanks are due to Miss A. M. Copping of this Institute for carrying out 
the biological tests, and to Messrs Glaxo Laboratories, Ltd. and Messrs Hoffmann- 


La Roche for gifts of material. 
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It has been known for many years that vitamin B, is essential both for protection 
from polyneuritis and for maintenance of normal weight in the pigeon. Much 
of the knowledge of the nutritional influence of vitamin B, has been derived 
from the use of extracts of yeast, rice polishings and cereals which are now 
recognized to contain other components of the vitamin B complex. In this 
laboratory the Peters concentrate, an acidic alcoholic eluate of norite charcoal 
[Kinnersley et al. 1933], has been extensively employed as a source of vitamin B, 
in the study of the vitamin B, requirements of the pigeon and the rat. The 
weight-restorative action attributable to the vitamin B, content of this con- 
centrate is complicated by the presence of other factors of the vitamin B 
complex; vitamin B,; needed by the pigeon and vitamin B, required by the rat 
[Carter et al. 1930, 1, 2; O’Brien, 1937]. The availability of crystalline vitamin B, 
has facilitated the investigation of the effect of this vitamin on the growth of the 
pigeon and allowed a better appreciation of the necessity of other factors for the 
maintenance of normal nutrition in the pigeon. 

Waterman & Ammerman [1935] investigated the influence of a crystalline 
vitamin B, preparation upon the weight of pigeons on a diet of autoclaved whole 
wheat. Full weight recovery was not observed even when daily doses of 160 
were administered. Perhaps the most remarkable feature of their work is the 
fact that the maximum weight response was only obtained with a daily 
vitamin B, intake of 80y, though this was only slightly greater than with 40y. 
This contrasts strikingly with the minimum dose required for the cure of acute 
polyneuritis (2-5y). Their use of a basal diet of autoclaved whole wheat raises the 
possibility of modification of the observed response by the presence of 
significant amounts of thermostable pigeon factors in the diet which, together 
with the stores of such factors held tenaciously by the pigeon [Carter & O’Brien, 
1935], might exercise a marked effect upon the weight. During the past 
18 months we have been engaged in experiments designed to elucidate the 
nature of these factors and in the course of the work we have gained considerable 
experience of the response of the pigeon to crystalline vitamin B,, using a basal 
diet which we believe to be wholly deficient in components of the vitamin B 
complex. This paper records results which broadly confirm those of Waterman 
& Ammerman. Certain additional features of the response to vitamin B, are also 
described. 

METHODS 

The birds under test were maintained in single cages under conditions 

previously described. Two types of diet have been employed: 


Diet R Diet S 
Autoclaved polished rice 95% Caseinogen 18% 
McCollum salt mixture 5 Rice starch 68 
Caseinogen* Butter fat 9 
McCollum salt mixture 4 
Agar 1 


* 2g. given daily as separate supplement. 
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The synthetic diet, S, cooked as biscuits and then broken up into granular form, 
is readily consumed by the birds. The caseinogen of both diets was rendered as 
free as possible of flavin. Supplee et al. [1936] have pointed out that many 
commercial and “‘vitamin-free”’ caseinogen preparations retain traces of flavin. 
Different procedures have been adopted to remove such traces, and in agreement 
with others [Hogan & Richardson, 1932; Halliday & Evans, 1937] we have 
found that extraction with alcohol frees the caseinogen of most of its flavin. 
Four extractions are made, first with 97% alcohol, followed by two extractions 
with 50% alcohol and finally with 97% alcohol. Three samples of vitamin B, 
have been employed. One was prepared from baker’s yeast following the 
method of Kinnersley e¢ al. [1933]. The others, kindly placed at our disposal by 
Prof. Peters, were a natural crystalline product (Merck), and a synthetic 
preparation (I.G.). No difference in the activity of these crystals has been 
observed. : 
RESULTS 

Fig. 1 illustrates two typical weight curves of pigeons receiving 40y daily 
of our crystalline vitamin B, following a preliminary period of depletion on the 
basal diet. Curve 1 shows a recovery which proceeds steadily until maximum 
weight is attained. The curve is not very dissimilar from that of a bird trans- 


10days 
< 7a 


Fig. 1. 40y vitamin B, administered at arrow. For explanation see text. 


ferred after the depletion period to a diet of whole wheat. A feature not clearly 
shown in these curves, but frequently observed, is the marked gain in weight 
recorded during the first 2 or 3 days of vitamin B, administration. This rise is 
accompanied by a correspondingly large food intake consequent on the improve- 
ment of appetite. Curve 2 shows a rise in weight after administration of 
vitamin B, to a plateau well below maximum weight and followed by a slow 
decline. The data reported in the present paper represent observations on 
75 birds involving 89 individual experiments. Four factors have been studied 
in regard to their influence on the response to vitamin B,, namely: (a) duration 
of the preliminary depletion period, (6) duration of vitamin B, administration, 
(c) magnitude of dose, (d) nature of the basal diet. 


Duration of preliminary depletion 


In a previous paper [Carter & O’Brien, 1935], in which the source of 
vitamin B, employed was the Peters concentrate, it was reported that in the 
case of birds whose weight did not fall below 70% of the maximum during the 
preliminary depletion, full recovery of weight occurred in 70% of cases. On the 
other hand, where the preliminary depletion weight fell to below 70% of the 
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Bird 
583 
332 
780 
568 
782 


568 
782 
530 
837 

28 
345 
507 
605 
251 
336 
446 
446 
447 
410 
899 
780 
410 

28 
536 
531 


837 
624 





* Subsequently declined in weight while receiving vitamin B,. 


Table I. Effect of vitamin B,. S diet 


Depletion wt. and % of 


Max. wt. ee ee 
g- g. % 
293 244 83 
380 292 17 
412 314 76 
422 319 15 
367 277 75 
500 371 74 
425 306 72 
380 270 71 
371 264 71 
500 350 70 
380 268 70 
344 242 70 
396 276 69 
469 314 67 
431 292 67 
430 290 67 
360 237 66 
351 238 66 
334 220 66 
500 330 66 
391 268 68 
428 281 65 
453 290 64 
382 247 64 
432 273 63 
491 313 63 
331 210 63 
484 308 63 
412 262 63 
320 203 63 
500 310 62 
362 226 62 
460 283 61 
385 237 61 

» 436 266 61 
400 247 61 
500 300 60 
452 272 60 
444 267 60 
403 243 60 
399 237 59 
412 245 59 
452 264 58 
386 227 59 
364 215 59 
412 238 57 
393 226 57 
386 218 56 
412 227 55 
500 272 54 
356 180 50 
500 244 49 
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Duration of 
depletion 


days 
12 
18 
23 
18 
13 
31 
12 
18 
24 
29 
21 
29 
26 
25 
28 
26 
31 
24 
29 
31 
28 
34 
32 
31 
30 
27 
30 
33 
23 
28 
33 
25 
29 
38 
31 
29 
31 
29 
37 
43 
22 
35 
37 
30 
16 
51 
31 
31 
35 
24 
24 
24 





Gain in 
wt. on 
vitamin B, 


g. 
36* 
71 
63 
75 
78* 
59 
80 
74 
75 

120 

62 

120 

91 
62 
94 

131 
87 
71 

114 

92 

62 

108 
70 
89 
-16 

95 
80 

131 

62 
71 
68 
59 

105 

93* 
87 
49 
98 
87 

125 

92 
53 

127 

73 
96 
85 
75 
62 
79 

108* 

97 
79 

130* 


maximum only 45% of birds recovered maximum weight on administration of 
the vitamin B, concentrate. Table I summarizes the position when crystalline 


Duratijon on 
vitamin B, 
admini- 
stration 


days 

1l 
17 
18 
16 
13 
18 
19 

8 
10 
13 
11 
19 
12 

9 
19 
22 
15 
10 
10 
23 

8 
20 
18 
17 

4 
15 
ll 
17 
13 
13 
16 
17 
15 
15 
20 

4 
17 
13 
29 
17 
14 
27 
17 
19 
15 
12 
10 

9 
14 
12 
17 
23 


vitamin B, in daily doses of 40y is employed. In the short depletion group com- 
prising 14 birds 35% regained maximum weight, whereas in the long depletion 
group (42 birds) only 9% made a full weight recovery. Thus while the present 


Bird 








MAINTENANCE NUTRITION OF PIGEON 2267 


experiments indicate that a severe period of depletion militates against full 
weight recovery on administration of vitamin B, they also emphasize the 
relative ineffectiveness of the crystalline material as contrasted with the action 
of the Peters concentrate. This fact lends indirect support to the view that the 
latter is a source of an additional pigeon factor or factors which facilitate weight 
restoration. 
Duration of vitamin B, administration 

Table II records data for a further series in which the duration of vitamin B, 
administration was prolonged for periods up to 140 days. In the case of birds 
receiving diet S the initial recovery of weight in the majority of cases was checked 


Table II. Effect of vitamin B, 

















Increase Final Total 
Depletion wt. Max. Max. Max. in wt. total duration 

Max. and % gain gain gain max. net on vita- 
wt. ———— 10yB, 20y B, 30y B, 4Oy B, gain min B, 

g. g. % g. Days g. Days g. Days g. Days g. Days 

R diet 

436 313 71 _ — 14 42 _ — 47 12 42 94 
380 271 71 — — 23 76 -- -- 21 13 39 90 
435 313 71 — o 35 69 — — 2 13 53 90 
465 328 70 — — 35 75 — — 39 13 57 93 
413 282 68 _ — 48 77 — 26 3 52 86 
419 282 67 — = 21 66 ~ — 14 8 21 87 
456 307 67 13 4 16 13 56 19 20 9 75 56 
452 302 66 -—4 3 27 14 45 20 -—1 3 61 41 
450 292 65 — — 36 11 32 16 -- ~ 49 35 
382 250 65 o — -2 7 53 22 5 6 56 37 
418 274 65 - 8 3 20 8 91 22 9 6 101 47 
456 290 63 8 6 26 8 70 20 8 4 83 53 
Ad 273 61 — — 36 8 75 20 23 ll 120 50 
432 267 61 _— — 42 70 — — 13 9 52 82 
350 212 60 — — 22 60 — = 17 12 30 90 
410 233 i 4 35 9 7 14 _ — 41 33 

S diet 

427 350 81 _ 62* 29 29 62 
500 408 81 -- — —_ -— oo -- 64* 33 15 61 
395 316 80 52* 14 17 39 
380 284 74 —_ _— 68 10 -- -- 12* 4 30 51 
405 280 69 95* 20 63 38 
490 334 68 26 9 26* 15 — _- —42 53 —27 119 
390 266 68 — —_ 29* 6 _— _— —13 21 16 27 
475 320 67 0 10 63* 24 — — —3l 65 —24 135 
500 338 67 —16 13 41* 13 - 1 55 
435 294 67 41 10 2T* 34 — _ —31 55 —15 119 
500 338 67 8 9 39* 29 — — — - —20 120 
430 283 66 6 5 45* 35 — — —32 52 —20 116 
415 260 62 46* 18 27 28 
500 311 62 9 10 78* 36 -- — —73 67 — 5 140 
482 300 62 2 5 74* 26 - — —60 64 —13 129 


* Subsequently declined in weight while receiving vitamin B,. 


and was followed by a period of slow decline. In 8 cases the final weight was 
actually lower than the weight at the commencement of vitamin B, administra- 
tion. This failure to maintain weight is not due to some failure in absorption 
since injection of additional amounts of 20-40y of the vitamin failed to bring 
about a renewed weight recovery. The phenomenon appears to be due to a slow 
continued depletion of other essential factors, since full recovery occurs when 
these are given as additional supplements. The phase of impending exhaustion 
of reserves of these factors usually begins to manifest itself within 20-30 days 
after commencement of vitamin B, administration, i.e. within 40-60 days from 
the beginning of the absolute depletion period. In the case of birds on diet R 
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the final period of decline was either absent altogether or much less con- 
spicuous, even when the test period extended to 94 days. It would appear that 
diet R may have supplied traces of other factors which prevented decline within 
the period investigated. It might have been anticipated that a form of dermatitis 
similar to that described in the chick [Ringrose & Norris, 1931; Kline et al. 1934; 
Lepkovsky & Jukes, 1935] would have developed under the conditions of our 
experiments. Using young chicks on diet S supplemented by vitamin B, we 
had no difficulty in reproducing a typical dermatitis, but we have observed no 
analogous condition in the pigeon. It is uncertain whether the pigeon differs from 
the chick in an immunity to nutritional dermatitis or whether the fact that the 
pigeons used by us were adult prevented its appearance. 


Magnitude of dose 


Tables I and II indicate the responses to vitamin B, which have been 
observed with daily doses ranging from 10 to 40y. At a level of 10y the gains in 
weight are insignificant and in some cases there is even failure to maintain 
weight. When the dose is increased to 20y there is a partial response. This is 
always improved on increasing to an intake of 40y provided that the store of 
other factors has not become impaired. In certain cases where a level of 20y 
was maintained for a lengthy period, and where a decline in weight had set in, 
subsequent increase to 40y failed to bring about increase in weight or even to 
arrest the decline. In our experience a daily intake of 40y vitamin B, under our 
conditions represents the optimum level, and in the limited number of cases 
where the dose has been increased to 60 or even 80y the response has been 
insignificant or nil. 

Discussion 

The results described, while in general agreement with those reported by 
Waterman & Ammerman [1935], amplify our knowledge of the response of the 
pigeon to crystalline vitamin B,. The extent of this response is conditioned in 
part by the dose of vitamin B, and in part by the availability of other essential 
factors either stored or present in significant traces in the basal diet (e.g. diet R). 
Thus with a moderate preliminary depletion a complete restoration to maximum 
weight is sometimes observed, though in the majority of cases the response falls 
short of full recovery. If the preliminary depletion is severe, or if the period of 
vitamin B, administration is unduly prolonged, the initial gain in weight is 
small, and may be succeeded by a slow decline which is not arrested by increasing 
the dose of the vitamin. It can, however, be reversed by adding other factors. 
Only when the dose of vitamin B, is increased to 40y daily is the maximum effect 
observed. 

SUMMARY 

1. The response of pigeons, fed on a basal polished rice or synthetic diet, to 
daily doses of crystalline vitamin B, has been determined. 

2. The response to vitamin B, after preliminary depletion is conditioned by 
the following factors: 

(a) Duration of initial depletion period. 

(6) Duration of vitamin B, administration. 
(c) Magnitude of dose of vitamin B,. 

(d) Nature of basal diet. 

3. Under the conditions described 40y represent the optimum daily dose 
of vitamin B, for maintenance nutrition, and doses rising to 80y do not permit 
greater weight restoration than that observed with the optimum. 
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4. No nutritional dermatitis comparable to that seen in the chick has been 
observed in the adult pigeon over periods extending to 140 days. 


We desire to express our thanks to Prof. R. A. Peters for his interest and 
advice, and to Mr H. W. Kinnersley for valuable assistance. One of us (J. R. O’B.) 
acknowledges the receipt of a part time grant from the Medical Research 
Council. 
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(Received 30 October 1937) 


CarTER et al. [1930, 1, 2] characterized a factor, vitamin B;, which they claimed 
to be necessary for maintenance nutrition in the pigeon in addition to vitamins 
B, and B,. The factor was shown to be present in wheat, yeast and certain yeast 
extracts such as marmite. It was stable to autoclaving at 115° and to heating with 
N/2 NaOH at 100° for 30 min. in such extracts. The evidence for the existence 
of vitamin B,; was based on the observation that large doses of vitamin B, 
administered in the form of a N/10 HCl eluate of activated norite charcoal failed 
to establish weight maintenance. On the other hand, both marmite and an 
extract obtained by eluting activated norite with 50% acid alcohol (Peters’s 
concentrate) arrested falling weight and induced partial weight restoration. 
Much evidence as to the nature of the components of the vitamin B complex has 
accumulated during recent years from several laboratories and certain of the 
arguments which led Carter et al. to distinguish vitamin B, from vitamins B, and 
B, are now open to criticism. The assumption that the Peters concentrate con- 
taining vitamin B; was free from vitamin B, was based on a rat growth test in 
which, as can now be recognized, the limiting factor was almost certainly flavin. 
This is made clear by the more recent evidence of Gyérgy [1935] and Chick et al. 
[1935]. Thus the relation of vitamin B, to the components of the vitamin B, 
complex, particularly vitamin B,, is still unsettled. The differentiation of 
vitamin B, from vitamin B, was originally based on the fact that pigeons 
depleted on a basal polished rice diet could not be restored to maximum weight 
even with massive doses of the Peters concentrate. It was inferred that the 
concentrate contained no significant amounts of vitamin B,. On the other hand 
Carter & O’Brien [1935] found that restoration to maximum weight was usually 
obtained on administration of the Peters concentrate provided that the basal 
diet was rendered adequate in respect to its protein content and that the pre- 
liminary depletion was not carried below 70% of the maximum weight. This 
evidence indicates that sufficient vitamin B, is retained during the depletion 
period to ensure full weight restoration and/or that the Peters concentrate 
contains significant amounts of this vitamin. The more recent observation 
[Carter & O’Brien, 1937] that a small proportion of birds on a basal synthetic 
diet can be restored to maximum weight by the administration of crystalline 
vitamin B, alone emphasizes the importance of storage of other factors in certain 
cases. The possibility that vitamin B, is present in Peters’s concentrate in 
significant amounts is not excluded by this observation. 

The present paper records evidence confirming the original finding of 
Carter et al. of a factor present in addition to vitamin B, in the Peters concentrate 
which is necessary for the pigeon. A more detailed analysis of the components 
of this concentrate will be reported in a subsequent paper. 
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METHODS 


The procedure was similar to that adopted by us in the study of the influence 
of vitamin B, concentrates on the nutrition of the pigeon [Carter & O’Brien, 
1936]. Following the period of depletion on polished rice or a synthetic diet 
resulting in a decline in weight to about 70°% of maximum weight and usually 
accompanied by symptoms of polyneuritis, the birds were given daily 40y of 
crystalline vitamin B, until a stationary weight was maintained. The influence 
of vitamin B, has been investigated when supplementing the other pigeon 
factors. For this purpose three groups of birds on the following supplements 
have been studied: (a) vitamin B, and vitamin B;; (6) vitamin B,, flavin 
and vitamin B;; (c) vitamin B,, flavin, vitamin B, and vitamin B;. In 
group (a), substitution of the vitamin B, concentrate (Peters’s concentrate) for 
the crystalline vitamin B, was made when stationary weight was attained. In 
groups (6) and (c), vitamin B; was administered after stabilization in weight 
subsequent to the addition of flavin and of flavin plus vitamin B, respectively 
had occurred. 

Since the vitamin B, concentrate used in these experiments is rich in vitamin B, 
and contains some vitamin B, [O’Brien, 1937], it was not possible to study the 
effects of vitamin B; alone. When substitution of the vitamin B; concentrate 
was made for the crystalline vitamin B,, it was administered in doses sufficient 
to maintain the intake of vitamin B, constant, i.e. equivalent to 40y vitamin B,. 
In some birds the dose of crystalline vitamin B, was increased to as much as 
80y daily prior to substitution of the Peters concentrate to exclude the possi- 
bility of lack of vitamin B, as a limiting factor. No improvement in response was 
observed in such cases. 

The vitamin B, concentrates were prepared from liver in the same manner 
as was reported in an earlier paper [Carter & O’Brien, 1936]. 


EXPERIMENTAL 


The effect of vitamin B, and vitamin B; 


Table I shows the rise in weight of 6 birds following the substitution of the 
Peters concentrate for the crystalline vitamin B,. The average total gain in 
weight amounted to 54 g. representing an average daily gain of 3-0 g. It will be 


Table I. Effect of vitamin B; after vitamin B, 


Gain in wt. 
Max. wt. Initial wt. Finalwt. Gaininwt. per day 

Bird g. g. g. g. Days g. Diet* 

84 436 355 411 56 24 2-33 R 
860 380 310 346 36 28 1-28 R 

77 435 367 435 68 18 3°77 R 
770 465 384 442 58 32 1-81 R 
316 427 379 445 66 9 7-33 Ss 
153 486 423 463 40 21 1-90 8 


* R=rice diet; S=synthetic diet [Carter & O’Brien, 1937]. 


noted that full restoration of maximum weight was only attained in two cases 
and in these it must be presumed that the storage of vitamin B, and flavin made 
this possible. -The need of these other factors for full weight restoration has 
already been demonstrated [Carter & O’Brien, 1936] and further evidence is 
detailed below. 
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The effect of vitamin B,, flavin and vitamin B; 


Table II records the weight increase of those birds which were given 
vitamin B, after receiving daily 40y vitamin B, and 40-80y flavin until a constant 
weight was established. This group showed an average total gain of 70g. 

Table II. Effect of vitamin B; after vitamin B, and flavin 


Gain in wt. 


Max. wt. Initial wt. Final wt. Gaininwt. per day 
Bird g. g. g. g. Days g. Diet 
541 444 403 412 9 ll 0-81 R 
561 456 379 409 30 11 2-72 R 
868 350 301 345 44 13 3-38 R 
83 413 338 423 85 33 2-57 R 
86 432 345 430 85 33 2-57 R 
857 419 316 421 105 32 3-28 R 
287 405 355 422 67 8 8-37 Ss 
308 415 284 400 116 17 6-82 8 
291 395 370 424 54 10 5-40 8 
75 435 308 380 72 26 2-77 Ss 
85 490 322 383 61 43 1-41 8 
286 390 274 386 112 21 5-33 8 


representing an average daily gain of 3-8 g. On comparison with the data for 
group (a) it may perhaps be concluded that the addition of flavin improved the 
response to vitamin B;. Moreover the proportion of the birds in group (6) 
regaining maximum weight is higher, 7 out of 12. The hypothesis that the 
response of the birds in groups (a) and (b) is determined by the degree to which 
the preliminary depletion has exhausted their reserves of flavin and vitamin B, 
can be tested by examining the later history of those birds in these groups which 
failed to regain maximum weight, or having reached it, failed to maintain it. 
Table III recording the effects of successive additions of flavin and vitamin B, 
appears to justify this hypothesis. 


Table III 


Final wt. 
after vit. By 


Final wt. after 


Final wt. after vit. B, and 


Gain 


flavin and 


Gain 


Max. vit. B, and Gain and flavin 
wt. flavin in wt. and vit.B, in wt. vits. B; andB, in wt. 

g. g. g. Days g. g. Days g. g. Days Diet 
135 307 30 21 381 74 26 446 65 6 8 
480 322 18 21 358 36 43 500 142 12 Ss 
415 278 -—9 13 396 118 35 431 35 6 s 

Final wt. after 

Final wt. after Final wt. after vits. B, and B; 
Max. vits.B,and Gain vits. B, and B; Gain and flavin Gain 
wt. B; in wt. and flavin in wt. and vit. B, in wt. 

g. g. g. Days g. g. Days g. g. Days Diet 
436 397 42 37 408 11 13 422 14 6 R 
435 427 60 45 409 —18 10 440 31 12 R 
465 408 23 37 467 59 15 —_— — — R 
380 346 36 28 380 34 9 — _ -- — R 


In two cases, birds 770 and 860, addition of 40y flavin daily completely 
restored maximum weight. In five cases, birds 75, 77, 84, 85, 308, maximum 
weight was only restored after the addition of vitamin B,. Two birds failed to 
respond further even on a whole wheat diet and they must be regarded as 
exceptional. One bird died during the course of the experiment. I 
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Effect of vitamins B,, B;, B; and flavin 


Group (c) consisted of birds which received the vitamin B,; concentrate only 
after successive additions of vitamin B,, flavin and vitamin B, had been made. 
In the birds under consideration these supplements did not restore maximum 
weight though they did induce a substantial rise. In consequence a high 
maintenance level had already been attained at the time when the administration 
of vitamin B, was begun and the resulting rise in weight was correspondingly 
lower than in groups (a) and (b). Nevertheless the response is definite (Table IV). 


Table IV. Effect of vitamin B; after vitamin B,, flavin and vitamin B; 


Gain in wt. 


Max. wt. Initial wt. Final wt. Gaininwt. per day 
Bird g. g. g. g. Days g. Diet 
986 500 474 500 26 4 6-50 8 
766 430 359 442 83 * 2-76 8 
47 500 442 500 ~ 58 11-60 8 
87 480 439 450* 11 ] 3 0-84 8 


* Not improved on wheat. 


SUMMARY 


The evidence which is presented confirms the presence in Peters’s concentrate 
in addition to vitamin B, of a pigeon factor or factors essential for the restoration 
of maximum weight after depletion. The presence in this concentrate of 
significant amounts of vitamin B, in addition to vitamins B, and B,;, which was 
foreshadowed in an earlier paper [Carter & O’Brien, 1936], would go far to explain 
certain points at present obscure. Our results give further support to the view 
that not less than four distinct factors of the vitamin B complex, namely 
vitamins B,, B,, B; and flavin, are essential in pigeon nutrition. 
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II. THE RESPIRATION OF PIGEON 
BREAST MUSCLE DISPERSIONS 


By GUY DRUMMOND GREVILLE! 
From the Courtauld Institute of Biochemistry, Middlesex Hospital, London 


(Received 1 November 1937) 


BaneGa has found [Annau ef al. 1935] that if minced pigeon breast muscle be 
treated -with ice-cold water and then squeezed through muslin, a very fine 
dispersion of the tissue can be obtained. This, with suitable additions, will show 
a respiration which resembles that of the original minced muscle, in that it is 
of the same order of magnitude and can be accelerated by fumarate and inhibited 
by malonate. It is necessary to add an extract of muscle made with hot 
trichloroacetic acid, which is said to supply donators and co-dehydrogenases. The 
dispersion can be separated by centrifuging into a precipitate containing the 
ferments, and a solution containing an activator (“‘Zwischensubstanz”’), both 
being essential to the activity. Laki has shown [Annau et al. 1936] that the 
dispersion behaves similarly to minced muscle in that it causes oxaloacetate to 
react with the formation of malate and pyruvate. 

Stare & Baumann [1936] have observed that the oxygen consumption of 
pigeon breast muscle which has been ground with sand can be greatly increased 
by the addition of fumarate together with an extract made from the same tissue 
by digesting with water for 1 hr. at room temperature before deproteinizing by 
heat. Cozymase would not produce quantitatively the same effect as this extract. 

The present paper describes a study of dispersions made by Banga’s method, 
with a view to identifying the coenzymes and substrates concerned in their 
respiration. 

EXPERIMENTAL 


Analyses 


Lactic acid was determined according to Friedemann & Graeser [1933] after 
treatment with tungstic acid and copper-lime. Glycogen was determined by a 
modification of Pfliiger’s method [Good e¢ al. 1933], except that the material was 
heated for a full 3 hr. with 30% KOH, since Young [1937] has found that this 
is usually necessary for muscle glycogen. 

All measurements of O, consumption were made at 38° in the Haldane- 
Barcroft-Warburg apparatus, in solutions buffered by 0-028 M sodium phosphate 
of pH 7-45, and with air in the gas space. 


Preparation of the dispersion 


Immediately after the death of the pigeon, the breast muscle was dissected, 
cooled on frozen distilled water and minced in an ice-cold Latapie mill. It was 
then ground for 10 min. with 1-5 vol. previously cooled distilled water in a 
mortar surrounded by a freezing mixture, being kept throughout in a thick 
pasty condition. It was squeezed through muslin, using a rubber glove, and the 

1 Halley Stewart Research Fellow. 
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resulting thick dispersion of the muscle was carefully brought to pH c1. 7-3 with 
0-2 N NaOH, of which 0-09 vol. was almost invariably needed. Throughout all 
operations the dispersion was kept in ice. Before use the dispersion was usually 
diluted with an equal volume of water to increase the accuracy of pipetting into 
the vessels. In nearly all experiments an amount of the neutralized and diluted 
dispersion was taken which corresponded to 0-1 ml. of the original dispersion, and 
this was diluted to a final volume of 2 ml. in the manometer vessel. 


Properties of the dispersion 


The particles were small enough to pass through a Jena G. 3 glass filter and 
the dispersions could be accurately pipetted, as shown by numerous multiple 
determinations. The particles were difficult to centrifuge, except in an angle 
centrifuge after dilution of the dispersion with water. The solid content of the 
neutralized and diluted extracts lay between 30 and 50 mg. per ml., the glycogen 
content between 0-7 and 6-1 mg. per ml., and the lactic acid content between 
0-9 and 1-4 mg. per ml. 

Coenzymes. The respiration of the dispersion was greatly increased on the 
addition of an extract made from pigeon breast muscle by stirring it with 
1-5 vol. water at 80° for 5 min. and filtering. An extract made from baker’s 
yeast in the same way had a similar effect. With both the respiration was 
strongly inhibited by 0-01 M malonate, just as is the respiration of the minced 
muscle. 

Fig. 1 shows that increasing the amount of muscle extract increases both the 
initial rate and the total O, consumption, whilst the presence of 0-005 M 





500 

FO6E 
06E 
FO3E 
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2 
F 

% 100 200 min. 
min. 
Fig. 1. Fig. 2. 


Fig. 1. O, consumption of dispersion in presence of muscle extract. F,0-005 M fumarate; F0-3 Z, 
0-005 M fumarate, 0-3 ml. muscle extract; F 0-6 £, 0-005 M fumarate, 0-6 ml. muscle extract ; 
0-6 Z, 0-6 ml. muscle extract. 


Fig. 2. O, consumption of dispersion in presence of yeast extract. F, 0-01 M fumarate; y=0-3 ml. 
yeast extract; M=0-01 M malonate. (Yeast extract with fumarate, but without dispersion, 
took up no O,.) 


fumarate has no great influence on them. This is the case also with yeast 
extract, as is seen from Fig. 2. The effect of muscle extract is seen also from 
Table I. 
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Table I 

1 2 3 
Dispersion (ml.) 0-17 0-17 0-17 
Phosphate (ml.) 0-5 0-5 0-5 
Muscle extract (ml.) -- 0-5 — 
Cozymase (1 mg. per ml.) (ml.) — — 0-3 
Magnesium chloride (0-1 M) (ml.) —_— — 0-1 
H,O (ml.) 1:3 0-8 0-9 
O, uptake (60 min.) (l.) 50 500 414 


Further experiments showed that the chief function of the muscle extract in 
increasing the respiration was to supply coenzymes, an adequate amount of 
substrate being present in the dispersion. For when the coenzymes adenine- 
nucleotide and magnesium are added instead of muscle or yeast extract the 
respiration still undergoes a large increase (Table I) and remains sensitive to the 
inhibitory action of malonate (Table II). Further, the addition of glycogen, a 


Table II. Dispersion in presence of magnesium and cozymase 
Concentrations as in Table I 


Additions Es oS 0-2% NaCl 0-4% NaCl 0-01.M malonate 
60 min. O, consumption (l.) 238 224 163 21 


substrate present in the muscle extract, usually had little effect on the respiration 
of the dispersion in presence of the coenzymes; although in a few dispersions of 
low activity, presumably poor in substrate, glycogen considerably increased the 
respiration (Table ITI). 


Table III. Dispersion in presence of magnesium and cozymase 


Addition aes — 1-6 mg. glycogen 


60 min. O, consumption (yl.) 76 193 


The respiration was low in the absence of either adeninenucleotide or 
magnesium. The effect of varying the concentration of magnesium when the 
cozymase concentration was constant is seen from Fig. 3. The respiration 
reached a maximum when the magnesium concentration lay between 0-125 and 
0-19 mg. per ml., i.e. between 0-005 and 0-0075 M. 

The effect of adeninenucleotide concentration may be seen from Figs. 4 and 5. 
In the experiment of Fig. 4 an almost pure cozymase preparation (ACo > 600,000) 
was used, whereas in that of Fig. 5 a 50% preparation (ACo 350,000) was used. 
With the latter, which must contain considerable amounts of adenylic acid, 
there is an optimum concentration of the order of 200 Co units. A muscle extract 
prepared as above was found to contain 190 Co units per ml. 

Enzyme stability of the dispersions. Increasing the concentrations of the 
coenzymes towards their optimum values increases not only the initial rate but 
also the total O, uptake. It must be assumed that the system is becoming 
inactivated during the experiment, so that the total O, uptake under these 
conditions is dependent on the rate of respiration rather than the amount of 
available substrate. Experiments in which more cozymase was added after the 
respiration began to decrease did not support the idea that the coenzyme was 
being inactivated. An inactivation of the enzymes must be assumed. 
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The dispersions retain their activity well when kept in ice. In one experiment 
in the presence of muscle extract, the dispersion showed no loss of activity after 
storing 7 hr. in ice: other dispersions however have proved less stable. 


Mg concentration mg. per ml. 
0 Ot O2 03 


400 ee. 0-19 mg. per ml. 


0-125 mg. per ml. 


0-25 mg. per ml. 


0-375 mg. per ml. 


Co 
100 200 300 300 Co 





= 0-06 mg. per ml. 
* 200 
0 
0 
0 30 60 50 100 
min. min. 
Fig. 3. Fig. 4. 


Fig. 3. O, uptake of dispersion with varying magnesium concentrations. The thick curve shows 
respiration (60 min.) plotted against magnesium concentration. 


Fig. 4. Oxygen consumption of dispersion with varying amounts of cozymase per 2 ml. 
(1mg.=600Co). 0-125mg. Mg per ml. present. Broken curve gives oxygen uptake in 105 min. 
plotted against Co units. 
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Fig. 5. Oxygen consumption of dispersion with varying amounts of cozymase per 2 ml. 
(1 mg. =350 Co). 0-125 mg. Mg per ml. present. Broken curve gives oxygen uptake in 120 min. 
plotted against Co units. 


Effect of fumarate. When cozymase and magnesium are used instead of 
muscle or yeast extract, the dispersions become more sensitive to the accelerating 
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action of low concentrations of fumarate. In the experiment of Fig. 6 10-° MW 
fumarate has caused an increased O, consumption of 294 yl., whereas complete 
combustion of the added fumarate would need only 134 yl. The corresponding 
values for the 3 x 10-* M fumarate are 136 and 40 yl. respectively. This shows 
that the action of fumarate is a catalytic one. 


500 102M 





Control 


250 


pl. 


2:5x10°M NaN, 
10-*M NaN, 


10°M HCN 


0 80 160 
min. min. 


Fig. 6. Fig. 7. 


50 100 


o 


Fig. 6. O, consumption of dispersion with varying fumarate concentrations. 0-125 mg. Mg 
per ml., and 260 Co per 2 ml., present. 


Fig. 7. Effect of cyanide and azide on respiration of dispersion. 


o 


Effect of inhibitors. That the respiration of the dispersions was strongly 
inhibited by sodium cyanide and by sodium azide [Keilin, 1936], as seen from 
Fig. 7, is consistent with the idea that it is catalysed by Warburg’s Atmungs- 
ferment or some other heavy metal catalyst. The CO, absorbent in the vessels 
containing cyanide was the KOH—-KCN mixture suggested by Krebs [1935]. 

Inhibition by salts. The respiration of minced pigeon breast muscle is strongly 
inhibited by Ca ions in concentrations of the order in which they are put in 
Ringer’s solution (for references see Greville [1936]). They have an equally 
strong action on the respiration of the dispersions. Thus the respiration was 
reduced to less than a quarter by the addition of 0-00275 M Ca. The inhibiting 
action of NaCl is shown in Table IT. 

Respiration. The Qo, (ul. per hr. per mg. dry weight) of the most active 
dispersions, in presence of magnesium, cozymase and fumarate, is about 50 for 
the first 60 min. The initial rate is somewhat higher. 

Respiratory quotient. The R.Q. of the dispersions in presence and absence 
of fumarate was measured by the method of Dickens & Simer [1930; 1933] for 
phosphate media. It was found that the respiration was reduced if the dispersions 
stood in the vessels for the time necessary to fill the latter with O,; so the measure- 
ments were made with air in the gas space. This could be done without unduly 
increasing the preformed CO,, which in any case is relatively very high, since 
the activity of the dispersions decreases with time. The vessels were put in the 
bath in pairs. Results are given in Table IV. 

It will be seen that the increased O, uptake due to fumarate is accompanied 
by increased CO, production. The R.Q. is in the neighbourhood of unity. Banga 
found [Annau e¢ al. 1936] that fumarate raised the R.Q. of minced muscle from 
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Table IV 
Preformed CO, (yl.) 
Time Fumarate — —__, O, co, 
Exp. min. M Solutions Total pl. pl. R.Q. 
1 85 — —_— 76 — 226 240 1-06 
10-3 18 105 — 425 419 0-98 
ie 18 99 — 432 430 0-99 
2 60 — — 87 — 299 283 0-95 
10-3 25 103 —378 359 0-95 
10-3 25 86 — 384 377 0-98 
3 90 — — 88 - 271 260 0-96 
z 10-3 23 115 — 566 516 0-91 
10-3 23 112 —575 532 0-92 


about 0-86 to about 1-05; whilst Stare & Baumann [1936] found that the 


Ns addition of fumarate increased the R.Q. from 0-90 to from 1-00 to 1-20, depending 
| on the amount of fumarate added. The smaller amounts of fumarate had 
comparatively little effect on the R.Q., even though the O, uptake had been 
markedly increased. 
Centrifuging of dispersions. In the experiment of Table V and Fig. 8, 1 vol. 
of dispersion was diluted with 3 vol. water, brought to pH 5-6 with HCl and 
Table V 
l 2 3 
Deposit suspension (ml.) 0-16 — 0-16 
Supernatant fluid (ml.) — 0-6 0-6 
Phosphate (ml.) 0-5 0-5 0-5 


Cozymase (1 mg. per ml.) (ml.) 0-3 0-3 0-3 
Magnesium chloride (0-1 M) (ml.) 0-1 0-1 0-1 
Water (ml.) 0-9 0-5 0-3 
O, consumption (85 min.) (l.) 19 5-5 495 


500 D+S 


250 


' 
D 
0 Ss 
0 50 100 
pl. 


pl. 


Fig. 8. Respiration of dispersion after centrifuging. 
D, deposit suspension; S, supernatant fluid. 


centrifuged. The deposit was resuspended in | vol. water, and both it and the 
clear supernatant fluid were neutralized. 4 vol. of the latter were, of course, 
equivalent to 1 vol. of the former. 

144—2 
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It is clear from this experiment that both deposit and supernatant fluid 
contain different factors essential to the respiration. It was found that the 
respiration when deposit and supernatant fluid were both present was still 
strongly inhibited by malonate, and that the activity of the supernatant fluid 
was reduced by about 50% when it was heated to 85° for 5 min. 

In a further analysis of the system, one portion of the supernatant fluid was 
heated to 100° and another portion was dialysed in a collodion bag for 90 min. 
against 0-5°% NaCl at room temperature (Table VI). Since the respiration in 


Table VI 
Phosphate, cozymase and magnesium present in usual concentrations 
Vessel no. aes 1 2 3 4 

Deposit suspension (ml.) 0-125 0-125 0-125 0-125 
Supernatant fluid (s.F.) (ml.) 0-3 — — — 
s.F. heated (ml.) “= 0-15 — 0-15 
s.F. dialysed (ml.) == — 0-35 0-35 
O, uptake 0-128 min. (yl.) 293 89 84 300 

O, uptake 61-128 min. (ul.) 117 27 21 120 


vessel 4 greatly exceeds the sum of those in vessels 2 and 3, it is clear that both 
the dialysed and the heated supernatant fluids contain different factors essential 
to the respiration. It is highly probable that the former contains Banga’s “‘acti- 
vator”’ or ‘‘Zwischensubstanz”’, whilst the latter contains substrate. 


Carbohydrate consumption 


When a dispersion respired in the presence of fumarate, lactic acid was 
rapidly formed at first and then partially or wholly disappeared again (Fig. 9); 
+0°3 


+0+2 


+0°1 


Lactic acid formation (mg.) 





0 
-0°1 
0 60 120 
min. 
Fig. 9. Lactic acid formation of dispersion. M, in the presence of 0-01 M malonate. 


F, in presence of 0-001 MV fumarate. 


hence lactate was oxidized by the dispersions. The question arose as to whether 
the disappearance of carbohydrate or carbohydrate breakdown products is 
catalysed by fumarate; and one of a number of experiments on the action of 
added fumarate is given in Table VII. The O, uptakes were larger than the 
figures given because the O, taken up during the 10 min. temperature equilibra- 
tion must be added. The figures giving carbohydrate disappearance in yl. 
assume complete combustion to CO, and H,O. The R.Q. values given above do 


past 


Cs 





neti 
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Table VII 


In each vessel an amount of dispersion corresponding to 0-1 ml. original dispersion: 8-7 mg. 
dry weight: 0-21 mg. preformed lactic acid. Time of exp. 133 min. 


*Glycogen 
initially Lactic acid Disappearance Oxygen 
; present formed NSS uptake 
Vessels Fumarate mg. mg. mg. pl. pl. 

1+2 — 2-41 1-90 0-51 380 >446 
3+4 _— 2-41 1-90 0-51 380 > 452 
5+6 10-3 M 2-41 1-52 0-89 665 > 845 
7+8 10-3 M 2-41 1-51 0-90 672 > 866 


* Expressed as glucose. 


not contradict this assumption. There is, of course, no justification for assuming 
that the difference between the original amount of glycogen and the lactic acid 
formed represented carbohydrate consumed; but the experiment does show 
that not more than 70% of the respiration in the presence of fumarate could be 
due to the ultimate oxidation of the glycogen initially present. This maximum 
proportion was much lower in some other experiments. In the vessels con- 
taining fumarate (Table VII), taking means, 0-385 mg. less lactic acid appeared 
than in those without fumarate. This would require 288 yl. O, for complete 
combustion. The difference actually observed in the O, uptakes was 406 wl. 
Hence not all the extra O, uptake caused by fumarate could be due to the 
oxidation of glycogen. 


Oxidation of glycogen: “‘autolysed dispersions” 


The question as to whether the dispersions could oxidize glycogen by a 
fumarate catalysis was attacked in another way. The neutralized but not 
diluted dispersion was put in a flat-bottomed vessel and shaken gently at room 
temperature. At 1 min. intervals 0-2 N NaOH was carefully added to keep the 
dispersion at pH ca. 7-3. When no more NaOH was needed (10-40 min.) all 
the glycogen had been converted into lactic acid, as confirmed by glycogen 
analyses. The “‘autolysed dispersion” was then brought to 2 vol. with H,O and 
its respiration measured in the presence and absence of added glycogen or 
lactate (Figs. 10 and 11). It was found that autolysis had greatly reduced the 
respiration of the dispersion, but that this could be almost restored by the addi- 
tion of glycogen in the amount originally present together with fumarate, but 
not by the addition of either alone. That the action of these substances is not 
merely additive is seen from the following calculation for the experiment of 
Fig. 10: 

For autolysed dispersion, in 110 min.: 


G=O, uptake in presence of glycogen. 
F =O, uptake in presence of fumarate. 
GF =O, uptake in presence of fumarate and glycogen. 

C=O, uptake with no addition, then (@—C)+(F—C)=146 pl., GF—C= 
335 pl. 

O, for complete combustion of 0-5 mg. added glycogen =415 wl. 

Extra O, uptake observed with autolysed dispersion due to 0-5 mg. added 
glycogen (GF — F) = 268 yl. 

O, consumption of non-autolysed dispersion in same time = 645 jl. 
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It will be seen also that the extra O, uptake of the autolysed dispersion due to 
glycogen is equal to slightly less than half the total O, uptake of the non- 
autolysed suspension in the same time, whilst that which can be proved to be due 
to fumarate-catalysed glycogen oxidation is equal to about a third. Similar 
results were obtained in several other experiments. 
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Fig. 10. Fig. 11. 


Fig. 10. Solid curves, “‘autolysed dispersion”. Broken curves, untreated dispersion. C, no 
addition; F, 10-* M fumarate; G, 0-5mg. glycogen added to the 2 ml. in vessel. Initia! 
glycogen in untreated dispersion, 0-41 mg. per vessel. Cozymase and magnesium added. 


Fig. 11. Symbols as Fig. 10. In addition: L=0-5 mg. d-lactate, L’=0-5 mg. d-lactate (half- 
neutralized). 


It might be possible that glycogen increased the respiration merely by 
making the dispersion more acid. This possibility was eliminated by experiment: 


Table VIII 
pH of buffer 6-61 6-81 6-98 7-20 7-43 7-43 
Added glycogen (mg.) —_ _ — _ —- 1-0 
O, uptake in 100 min. (ul.) 102 113 139 135 131 239 


Lactic acid also increases the respiration of autolysed dispersion though 
to a less extent than the equivalent amount of glycogen (Fig. 11). Since 
half-neutralized lactic acid is more efficient than sodium lactate, it is pre- 
sumed that the action of the lactate is reduced by the solution becoming 
alkaline. 

The r.Q. of “‘autolysed dispersions” has been measured in presence and 
absence of added glycogen (Table IX). It appears that the R.Q. is about unity, 
but probably somewhat lower in the absence of added glycogen. The added 
glycogen is burnt ata R.q. of unity, although in Exp. 1 some substrate of lower R.Q. 
obviously present in abundance has apparently been ‘“‘spared” by the added 
glycogen. 

Magnesium and “autolysed dispersions’’. The residual respiration, i.e. in the 
absence of glycogen, is still dependent on magnesium. This cannot be due to 
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Table IX 
F=10-* M fumarate. G=1 mg. glycogen per vessel 
Time Preformed 
Exp. min. Addition co, 0, co, R.Q. 
1 108 F 96 —411 352 0-86 
7 76 — 280 282 1-01 
F+G@ 96 —476 467 0-98 
2 110 F 100 — 195 162 0-83 
7 80 — 339 320 0-94 
F+G 90 — 532 500 0-94 
3 110 F 89 — 137 120 0-87 
G 70 — 222 222 1-00 
F+G 79 — 453 443 0-98 
4 90 F 166 — 240 218 0-91 
G 140 — 382 359 0-94 
F+G 163 — 496 467 0-94 
Respiration due to added glycogen (Ff + @) — F: R.Q. of extra 
Exp. Extra O, Extra CO, respiration 

] — 65 115 1-77 

2 — 337 338 1-00 

3 —316 323 1-02 

4 — 256 249 0-97 


traces of glycogen in the autolysed dispersion, as shown by the following 
typical experiment: 


Time 100 min. Mg 0-005 M 
O, uptake in presence of magnesium 153 pl. 
O, uptake in absence of magnesium 38 pl. 
Difference 115 pl. 
Glycogen in autolysed dispersion 22y 
O, needed for combustion of glycogen 18 yl. 


If the residual O, uptake be due to the oxidation of phosphorylated inter- 
mediary products of glycolysis, this observation is at once explained. 

Centrifuging of “‘autolysed dispersions”. An experiment in which the 
autolysed dispersion was centrifuged, and the deposit (P.) and supernatant fluid 
(s.F.) tested separately and together (Table X) shows that both precipitate and 
supernatant fluid are essential for the oxidation of glycogen and lactate. 


Table X 
Fumarate 10-? M. Glycogen 0-75 mg. d-Lactate (half-neutralized) 0-75 mg. Cozymase. Mg 


O, uptakes in 163 min. (yl.): 


Original extract 810 
Original extract + glycogen 785 
A 35 S.F. 85 P.+5S.F. 430 
Pp. + glycogen 36 s.F. + glycogen 79 P.+8.F. + glycogen 633 
p. + lactate 56 s.F. + lactate 91 Pp. +S.F. + lactate 523 
DIscuUssION 


Since the completion of these experiments (end of October), a paper has 
appeared by Banga [1937] which shows that hexosephosphates are oxidized by 
the dispersion by means of the C, dicarboxylic acid catalysis, and that “Glykogen 
konnte die Substanzen einigermassen (40%) ersetzen”. The dispersions will 
reduce oxaloacetate to malate in the presence of hexosediphosphate. She 
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describes an experiment similar to that given in Table VI of the present paper, 
in which instead of dialysed supernatant fluid she uses “activator” prepared by 
precipitating the supernatant fluid with acetone and drying. With deposit and 
heated supernatant fluid the O, uptake is 40 ywl., whilst with deposit, heated 
supernatant fluid and activator it is 420 ul. However, the uptake with deposit 
and activator is not given. 

Substances which behave in the same way as the heated supernatant fluid 
were obtained from it by barium precipitation. Also hexosediphosphate (10 mg.) 
and Robison ester (10 mg.) behaved in the same way. It does not, however, seem 
possible to judge from these experiments what proportion of the fumarate- 
catalysed respiration is due to the oxidation of hexosephosphates. 

As regards the mechanism of the oxygen activation, it was first thought by 
Gézsy & Szent-Gyorgyi [1934] that the substrates were oxidized by the succin- 
oxidase system involving the Atmungsferment. On this view the relief of the 
malonate inhibition by added fumarate could not be explained, but the later 
fumarate-oxaloacetate theory [Annau e¢ al. 1935; 1936] offered an explanation. 
The latest theory [Straub, 1937; Szent-Gyérgyi, 1937], however, is that the 
activated hydrogen of the substrate reduces oxaloacetate to malate. The malate 
reduces yellow enzyme regenerating oxaloacetate, and the reduced yellow enzyme 
reduces fumarate to succinate. The succinate is finally oxidized by succinic 
dehydrogenase and cytochrome. Since malonate must inhibit the last-named 
stage, it is once again difficult to understand the relief of malonate inhibition by 
added fumarate, unless the latter is being irreversibly oxidized [cf. Innes, 1936; 
Stare & Baumann, 1936; Annau & Straub, 1937], and it would seem that an 
explanation may still be needed. 

Krebs [1937] has very recently shown that citrate, like fumarate, is a catalyst 
of pigeon breast muscle respiration. The effect of citrate on the oxidation by the 
dispersions has not yet been tested. Krebs’s “‘citric acid cycle” explains the 
catalytic action of the C, dicarboxylic acids and provides a new explanation, 
different from Szent-Gyérgyi’s ‘‘over-reduction”’ hypothesis, for the production 
of succinate from fumarate aerobically in the presence of malonate. 

Szent-Gyérgyi’s [1937] theory apparently demands that fumarate should give 
rise to succinate anaerobically, and that this reaction should be inhibited by 
malonate. This reaction was not observed to occur at any considerable rate by 
Annau et al. [1935]. Some observations by the writer on the formation of 
succinate in the presence of fumarate are given in the Appendix. They confirm 
that the aerobic reaction occurs most rapidly in the presence of malonate and 
show that there is an equally rapid anaerobic reaction which is inhibited by 
malonate. 


SUMMARY 


1. The respiration of dispersions made by grinding pigeon breast muscle 
with water at the freezing-point and squeezing through muslin has been studied. 

2. When 0-1 or 0-2 ml. of the dispersion is diluted to 2 ml. in the manometer 
vessel with suitable buffering, the respiration is small, but becomes large on the 
addition of extracts made with hot water from muscle or yeast. 

3. The chief function of these muscle or yeast extracts is to supply coenzymes, 
the dispersion usually containing enough substrate. 

4. The necessary coenzymes are magnesium and adeninenucleotide. 

5. In the presence of these coenzymes the respiration is accelerated by low 
concentrations of fumarate, which acts catalytically. The Q9, may then reach 
50. The R.Q. is about unity. ‘ 





FUMARATE AND TISSUE RESPIRATION 2285 


6. The respiration is inhibited strongly by cyanide in low concentrations, 
by azide, by malonate and by calcium. 

7. If the dispersion be centrifuged, both deposit and supernatant fluid are 
essential for the respiration, as previously shown by Banga. If the supernatant 
fluid be dialysed, an essential factor, probably substrate, is lost, which can be 
replaced by the addition of heated supernatant fluid. 

8. When the dispersions are respiring, lactic acid is first formed from 
glycogen, and then partially or wholly disappears. The lactate disappearance is 
usually greater in the presence of fumarate. However, oxidation of products 
derived from stored carbohydrate during the experiment cannot account for 
more than 70% of the respiration, and often accounts for considerably less. 

9. “‘Autolysed dispersions” obtained by allowing the dispersions to cause 
all their glycogen to break down at room temperature, show a low respiration 
which can be restored almost to the original value by addition of glycogen and 
fumarate. It can be proved that a large part of the extra respiration due to 
glycogen is catalysed by fumarate; this part corresponds to about a third of the 
original respiration. The total extra respiration due to glycogen has R.Q. unity. 

10. If the “autolysed dispersions” be centrifuged, both deposit and super- 
natant fluid are essential for the respiration with added glycogen. 

11. The residual respiration of the “‘autolysed dispersions”, in absence of 
glycogen, still needs magnesium as coenzyme. 


The writer has pleasure in thanking Prof. E. C. Dodds for the interest he has 
taken in this work. He makes grateful acknowledgment to the Sir Halley 
Stewart Trust Fund, and to the International Cancer Research Foundation for 
the provision of assistance. He thanks Mr R. Peter for his help with the 
ex periments. 


APPENDIX 


Succinic acid formation with minced pigeon breast muscle 


Estimation. Extraction with ether, autoclaving dry to remove malonate, determination with a 
succinic oxidase preparation from pigeon breast muscle which did not oxidize «-ketoglutaric acid. 

In the anaerobic experiments the vessels were washed out with nitrogen and evacuated. They 
were shaken continuously during the experiment. 

0-75 g. muscle in 8 ml. solution. 

M=0-01 M malonate; F =fumarate (7 mg.). 

Preformed succinic acid between 0-04 and 0-17 mg. per g. tissue. 


Time mg. succinic acid 
Exp. min. Gas space Addition per g. muscle 
1 30 Air — 0-07 
F 0-57 
M+F 1-94 
2 30 Oxygen F 0-21 
M 0-24 
M+F 3-26 
3 30 Anaerobic —_ 0-37 
F 1-87 
M+F 0-76 
4 30 Anaerobic F 1-56 
M 0-28 


M+F 0-52 
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CCLXXXI. INVESTIGATIONS INTO THE METHOD 
OF ESTIMATING VITAMIN E 


I. THE INFLUENCE OF VITAMIN E DEFICIENCY 
ON IMPLANTATION 


By ALFRED LOUIS BACHARACH, EDITH ALLCHORNE anp 
HARRY EPHRAIM GLYNN 


(From Biochemical Department, Glaxo Laboratories, Greenford) 
(Received 1 November 1937) 


No assay for vitamin E is possible in the absence of an international or other 
accepted unit and a standard preparation to be used in a test contemporaneous 
with that on the test substance. Comparative evaluations, however, as 
distinct from assays, can be carried out between any two sources of vitamin E 
tested simultaneously, in so far as we have knowledge of the relationship between 
dose and response and of the variation in response shown by the animals used 
in the test. Very little information is to be found in the literature on either 
point, though a recent paper of Palmer [1937] contains some interesting relevant 
observations. 

The response of vitamin E-deficient animals to the vitamin, being of the 

“all or nothing” type, has to be treated as a quantum, since there is no possi- 
bility of measuring or assessing gradation in that response. In other words, it is 
necessary to take groups of adequate size as the animal testing unit, and to 
determine the percentage of positive responses given by all the members of each 
group. 
Attempts to standardize this kind of technique were begun in these labora- 
tories nearly 18 months ago, and our experience since then has led to some 
modifications which may increase the possibility of quantitative comparative 
tests. In this paper, it is proposed to discuss certain conditions that are, in our 
opinion, essential to any quantitative test, and to record some observations upon 
a phenomenon that has hitherto apparently escaped notice. 

A basal diet for vitamin E tests must satisfy the two criteria of a suitable 
vitamin-deficient diet. First, it must be completely deficient in vitamin E; 
secondly, it must not be quantitatively or qualitatively lacking in any other 
food constituent necessary for the production of living young, since failure to 
give birth to living young is taken as proof of the absence of vitamin E and the 
production of living young as proof of its presence. 

The diet used in these laboratories is based upon that of Evans and asso- 
ciates, as given by Rowlands & Singer [1936], with the slight modification that 
we have used a simplified salt mixture (identical with that used in our vitamin 
A-deficient diets). Further, since the number of animals receiving this diet in 
our laboratories is sufficiently large to necessitate mixing fresh supplies daily, 
the cod liver oil is incorporated in the diet, instead of being fed as a separate 
supplement to each animal. Young does of the London strain of Wistar albino 
rat are placed upon this diet at weaning. As soon as they are sexually mature 
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and exhibit oestrus, as shown by the usual examination of vaginal smears, they 
are mated with bucks of proved fertility. 

If, at weaning, animals receiving this diet also receive a daily supplement of 
some material containing adequate supplies of vitamin E, a high percentage of 
full-term litters is produced. Table I shows the results obtained when five 


Table I. Effect of diet Rees 1. Unsupplemented or supplemented, on 
live litter rate 


No. of No. of Live 
implanted live litter 
Supplement, from day of weaning animals litters rate (%) 

None 422 8 2* 
Lettuce, c. 2 g. daily 25 25 100 
Wheat germ oil I, 112 mg. daily 15 13 87 
Wheat germ oil IT, 112 mg. daily 6 5T 84 
Liquid unsaponifiable fraction from wheat 21 20 95 

germ oil, 21 mg. daily 

Arachis oil, 112 mg. daily 10 3 30 
Olive oil, 112 mg. daily 9 0 0 


* Since January 1937, 316 animals on unsupplemented diet have given no live litters. 
+ One animal had a second resorption-gestation in spite of continued dosage. 


different materials were fed prophylactically with the basal diet. Of these, it is 
clear that the levels of the first three provided at least optimum amounts of 
vitamin E, while those of the other two did not. Nevertheless, the results indicate 
clearly the presence of vitamin E in the sample of arachis oil. Sure [1926] found 
indications that vitamin E was present in pea-nut oil, but this does not appear 
to have received clear confirmation before. Our results also show a complete 
absence of vitamin E from the cod liver oil used in our diet, thereby also confirm- 
ing Sure’s finding [1927]. We now invariably use the same cod liver oil as diluent 
for oils and concentrates submitted to vitamin E test as supplements to the diet. 

In the absence of prophylactic treatment with vitamin E, typical gestation- 
resorptions occur. Records of 420 animals show the production of only eight 
litters, and these were born more than 12 months ago in circumstances that did 
not rule out the possibility of some accidental administration of vitamin E. 
Over 300 animals have received the unsupplemented diet since that time, and 
none has produced a litter after mating with a buck of proved fertility. 

It has always been the practice, as far as one can gather from published 
work, to use animals of this kind, that is, animals that have undergone at least 
one gestation-resorption, in order to make certain that they have been completely 
depleted of their vitamin E reserves. Such animals will be referred to as R.P. 
(resorbed primaparae). 

It occurred to us that some time might be saved by omitting altogether the 
process of submitting animals to one resorption on the diet alone and administer- 
ing the dose of test substance to animals immediately after their first mating, 
since there is a probability approaching certainty that without vitamin E they 
would undergo a gestation-resorption. We therefore introduced this practice 
some months ago. Naturally, a certain number of animals, used as negative 
controls, are reared upon the diet alone; these invariably undergo a gestation- 
resorption after a successful implantation. 

This change in experimental technique has revealed an entirely unexpected 
phenomenon, and one that not only has practical value as an improvement in 
the technique of testing for vitamin E, but may also have physiological im- 
plications of considerable importance. 
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When the doe rat in oestrus is brought into contact with an adult fertile 
buck, the mating that follows may not always be “positive”, as evidenced by 
the presence either of the vaginal plug or of sperm in the vagina, or of both. 
Animals failing to show positive mating are remated until success is obtained, 
or rejected altogether for experimental purposes. 

In a healthy stock of animals a very high percentage of positive matings, 
though not always of positive first matings, is recorded. From the 12th to the 
16th day after such mating, and generally between the 13th and 15th days, 
there should appear in the vaginal contents a certain amount of blood, easily 
detectable with the naked eye. This is known variously as the placental sign, 
the erythrocyte sign, the implantation sign, and indicates that fertilized ova 
have been implanted on the uterine wall. Unless implantation occurs, the 
animal must be remated at the next oestrus. When implantation does not occur, 
if the animal has been receiving doses of a test substance, these doses will have 
been wasted—a matter of considerable annoyance when, as sometimes happens, 
the test substance is only available in very small quantities as the result of 
weeks of laborious chemical work. Moreover, the time of the operator also is 
wasted in feeding and examining animals incapable of indicating the presence 
or absence of vitamin E. This failure to implant is well known to workers in 
sex physiology, but its consequences are more irksome in vitamin E investi- 
gations than in many others. 

Tests for vitamin E can, then, only be completed with animals that have 
shown both positive mating and implantation. We observed, after a number of 
virgin vitamin E-deficient animals had been positively mated, that a higher 
proportion of these animals than of R.P. animals seemed toshowimplantation. The 
matter appeared worth careful investigation, and we have therefore kept records 
not only of the numbers of litters born to animals showing the implantation sign, 
but also of the number of positively mated animals showing implantation. The 
marked difference between the implantation rates of R.P. and virgin animals 
is shown in Table II. 

Table II. Implantation rates 


No. of Implantation 
Type of animals showing No. of rate 
animal positive mating implantations % 
R.P. 286 174 61 
Virgin 143 138 96 


It became necessary next to examine whether this difference was correlated 
with the administration of vitamin E to the experimental animals. We therefore 
divided both the R.P. and the virgin animals into two groups, according as the 
percentage of live litters born to successfully implanted animals was lower or 
greater than 10; those showing less than one living litter for every ten successful 
implantations are held to have received no dose of vitamin E and those showing 
more to have received a dose. The records in Table II are reclassified in this way 
in Table IIT. 

Table III. Implantation rates 


No. of Implantation 
Type of Activity of animals showing No. of rate 
animal dose given positive mating implantations % 
R.P. + 173 108 62 
R.P. 0 113 68 60 
Virgin + 64 61 95 


Virgin 0 79 77 97 
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It seems clear that the addition of vitamin E to the diet of either R.P. or 
virgin mated animals has no significant effect on implantation rates and that the 
difference between the rates must be due to some other cause. 

We are able to reject the possibility that a lower implantation rate is char- 
acteristic of reproduction in all animals that have already had one litter. No 
information on this subject has been found during a rather brief survey of the 
literature, but Wiesner [1937] states that his experience has been exactly the 
opposite, and that this is what would be expected on general physiological 
grounds. 

There are two other possible explanations of the phenomenon recorded. 
R.P. animals, when used for test purposes, will naturally have undergone a 
longer period of vitamin E deficiency than virgin animals, for the time taken 
from their first mating through a gestation resorption to the second mating and 
administration of the test substance may be anything from 4 to 6 weeks. It is 
conceivable that the extra period of deprivation produces effects that express 
themselves in an increased difficulty of implantation. This explanation appears 
to us to have a prima facie improbability. The deficient animals have, at the 
time of their first mating, been fed on the deficient diet for 2 months or more; 
that they have been “run out” of vitamin E is shown by a resorption rate not 
significantly less than 100%. Yet the rate of implantation of these animals 
after positive mating is also not significantly less than 100%. It seems unlikely 
that a further period of 5 or 6 weeks on the same diet would result in a sudden 
40 %, lowering of the implantation rate, especially as the animals seem perfectly 
healthy and normal in all respects save reproductive power. 

The only other explanation that we can suggest is that the actual process of 
undergoing a gestation-resorption itself affects the reproductive processes in the 
doe rat in such a way as to increase the difficulty of implantation. Investigations 
are in hand in an attempt to obtain further evidence on this question. It may, 
however, be emphasized that, whatever the true explanation, some surprising 
conclusions must be drawn from the established facts. 

It has generally been held that the effect of vitamin E deficiency on the 
female rat, as distinct from that on the male rat, is completely “reversible” ; 
that is to say, it only affects the particular litter in utero, and has no effect on 
subsequent litters, provided that vitamin E is restored to the animal’s diet. Only 
one finding in conflict with this view appears in the literature; Juhasz-Schaffer 
[1931] reports that the size of a litter produced by a cured vitamin E-deficient 
rat bears an inverse relation to the number of previous gestation-resorptions. 
The number of animals used by Juhasz-Schaffer was, however, not very great; 
further, he has apparently not taken adequately into account the fact that the 
size of litter tends to fall from the third or fourth onward, even on a normal 
diet. 
The results reported here make it difficult to resist the conclusion that a 
period of vitamin E deficiency, from weaning to sexual maturity, has an 
effect on the maternal organism much more deep-seated than has hitherto 
been believed. Since the percentage of implantations is very high in virgin 
vitamin E-deficient does, this deep-seated consequence of vitamin E deficiency 
apparently only affects implantation after the rat has undergone a gestation- 
resorption. 

It seems that the process of resorption itself brings about changes in the 
reproductive apparatus of the female rat, which express themselves as a lowered 
fertilizability of the ova or as a lowered probability for those fertilized ova to 
become implanted embryos. In view of the findings of Rowlands & Singer 
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[1936] and of Barrie [1937, 1, 2] as to the changes in endocrine organs demon- 
strable in vitamin E-deficient rats, we need, perhaps, not be surprised that 
changes are also to be found, even if only so far by indirect methods, in the 
reproductive system, which is fundamentally affected by endocrine action. 


SUMMARY 


The various fates that may attend the female rat, reared from weaning to 
maturity on a vitamin E-free diet and then given material under test for the 
presence of vitamin E are shown in Fig. 1. 


Fig. 1. Reproductive behaviour of female rat on vitamin E-deficient diet. 


Animal in 
normal oestrus 


| Mated with 
| normal male 


| 
Sperm or “plug” No sperm or “plug”. 
in vagina. Failed mating (A) 
Positive mating 


| ] 


| | 
Animal in Animal in oestrus on 








dioestrus. 4th or 5th day. 
Ovulation Failed ovulation* (B) 
I 7 ; 
Placental sign. No placental sign. 
Implantation Failed implantation or failed fertilization 
7 | 
Oestrus on Dioestrus maintained 
14th to 16th day. to 21st day or 
Pseudo-pregnancy. C; later. Cy 
ccs. eee 
Live No litter 
litter Gestation-resorption. (£) 


* Also some other rare conditions, about which little appears to be known. 


Failed matings (A) do not appear to be more frequent in the absence than 
in the presence of the vitamin, but no detailed figures on this point are avail- 
able from our records. R.P. and virgin animals behave similarly. 

Failed ovulation (B) is rare, whether with R.P. or with virgin animals, both 
with and without the vitamin. 

Failed implantation, or failed fertilization (C,+C,), seems independent of the 
presence or absence of the vitamin, but R.P. animals show a much higher per- 
centage of failures than do virgin animals. C, is the ordinary pseudo-pregnancy : 
C, is an abnormality which appears seldom, if ever, to have been recorded. 
Though we are unable to state precisely whether C, actually predominates over 
C,, we have certainly found that it occurs frequently under our experimental 
conditions. 

E is the simple gestation-resorption by which alone vitamin E-deficiency 
has hitherto been properly recognized. 
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CCLXXXII. A STUDY OF THE EFFECT OF 
OVERFEEDING ON THE PROTEIN 
METABOLISM OF MAN 


IV. THE EFFECT OF MUSCULAR WORK AT DIFFERENT 
LEVELS OF ENERGY INTAKE, WITH PARTICULAR 
REFERENCE TO THE TIMING OF THE WORK 
IN RELATION TO THE TAKING OF FOOD 


By DAVID PATON CUTHBERTSON, JOHN LOCHIEL McGIRR 
AND HAMISH NISBET MUNRO 


From the Institute of Physiology, Glasgow University 
(Received 16 October 1937) 


On a diet adequate in protein and energy value Tallqvist [1902] and more 
recently Silver [1937] have found that restriction of the carbohydrate content 
with an isocaloric increase in fat produces a rise in the urinary N excretion, 
and recent work has shown that the addition of extra carbohydrate to an 
adequate diet causes a decrease in the urinary N output of man [Cuthbertson & 
Munro, 1936; 1937] and of the dog [Larson & Chaikoff, 1937]. The former found 
that this protein-saving effect increased in proportion to the intake of additional 
carbohydrate, and it thus appears that there is a reciprocal relationship between 
the carbohydrate intake and the extent of the N elimination: It is presumed that 
during overfeeding with carbohydrate there is preferential combustion of this 
material since the storage capacity for carbohydrate as such is very limited. 
In the absence of a rise in metabolism sufficient to utilize the excess energy 
intake, storage results and in consequence N elimination falls. The work of 
Larson & Chaikoff [1937] and the in vitro experiments of Krebs [1935] support 
the belief that an abnormal rise in the concentration of carbohydrate in the 
tissues during absorption of the products of a mixed meal inhibits deamination. 

To elucidate the problem further, it was decided to examine the effects of 
diminishing the fuel reserves of the body by muscular work, done: 

1. (a) before and (b) after food, on certain days during a period of prolonged 
excess feeding with carbohydrate ; 
2. (a) before and (b) after food on a diet just adequate to cover the additional 


work performed ; 

3. (a) before and (b) after food, the diet being adequate for maintenance, 
but not covering the additional work done. 

In this way it was hoped to examine the effect of increased carbohydrate 
oxidation when accumulation of products of digestion was at a minimum, for 
comparison with the periods in which both increased carbohydrate oxidation 
and absorption from the intestine were proceeding together. 


EXPERIMENTAL 


D. P.C. (37 years; height 184-4 em.) and H. N.M. (21 years; height 164 cm.) 
were the subjects of these experiments and the basal diets selected were some- 
what similar to those employed in the earlier studies. As the relationship of the 
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work done to the time of taking of food is of importance the exact meals and 
times of consumption are given. 





Table I 
Dif. c. 
Breakfast Lunch Tea Supper 
8.5 a.m. 1 p.m. 5.10 p.m. 11 p.m. 
Cheese = 25 g. 25 g. — 
Brown bread 100 g. 60 g. 60 g. 30 g. 
White bread 50 g. 150 g. 150 g. 50 g. 
-<o g per day, the distribution being governed by the total 
“ 200 g. amount of bread per meal 
Apples 1 oo — 1 
Lettuce + + + — 
Milk 25 ml. 250 ml. 25 ml. 200 ml. 
Potato = 50 - — 
Sugar (cane) 10g. 10g. — 
Water 310 ml. 400 ml. 310 ml. 100 ml. 
(As tea) +juice of one (As tea) 
half lemon 300 ml. + juice of 
one half lemon 
H. N. M. 
Breakfast Lunch Tea Supper 
9.30 a.m. 12.45 p.m. 4.30 p.m. 8 p.m. 
Cheese — 15 g. — _ 
Brown bread 25 g. 60 g. 60 g. 25 g. 
White bread 50 g. 150 g. 100 g. 25 g. 
Jam 100 g-| per day, the distribution being governed by the total 
Butter 120g. amount of bread per meal 
Bran — — — 15g. 
Apples 1 a+ 1 
Milk — — 250 ml. 250 ml. 
Water 880 ml. 440 ml. 150 ml. 240 ml. 
(As tea) (As tea) 


The calorie values of these diets as calculated from Plimmer’s tables were 
3533 and 2815 Cal. respectively, and the total N contents were found by analysis 
to be 16-32 and 12-21 g. 

In the case of D. P. C. urine was collected from 7.45 a.m. to 7.45 a.m. the 
next day and from 9.30 a.m. to 9.30 a.m. in the case of H. N. M. It was pre- 
served with 2% thymol in chloroform except on the few occasions when sugar 
was being estimated; toluene was then used. The experiments on D. P. C. were 
performed in one continuous period in May 1937, those on H. N.M. in two 
periods, one in April the other in July 1937. The body weights were measured at 
the same time each forenoon and in the same light clothes. In the graphical 
records the body weight has been correlated with the N etc. excretions of the 
previous 24 hr. 

Work was done on the bicycle ergometer described by McCall & Smellie 
[1931] and, except for the first series of experiments, lasted for two periods of 
55 min. on the two successive days in each period, the loads being 0-88 kg. 
(D. P.C.) and 1 kg. (H. N. M.), the pedalling being at constant rate controlled 
by metronome (120 beats per min.). Approximately 43,100 kg.m. (101 Cal.) 
work per day were done by D. P.C.; approximately 48,000 kg.m. (112 Cal.) 
work per day by H. N.M. At no time was sweating profuse or the work at all 
exhausting (H. N. M.’s first work period excepted). The metabolic cost of the 
additional work done was obtained by deducting from the total calories expended 
during the working period the calories expended when performing light labora- 
tory work. These measurements were made indirectly by analysis of the expired 
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air collected in a Douglas bag during the middle of the work periods or corre- 
sponding period of the basal days. 
The analytical methods used were: 


Total N—Kjeldahl. 

Total S—Denis. 

Cl—Volhard-Harvey [Harvey, 1910]. 
P (inorg.)—Fiske & Subbarow [1925]. 
Na—Butler & Tuthill [1931]. 
K—Kramer & Tisdall [1921]. 

Ca and Mg—Shohl & Pedley [1922]. 


First series (Preliminary) 


Subject H. N. M. Table II, Fig. 1. 


Table II. Subject H. N. M. Metabolic data of 
jirst series of experiments 


Urinary Faecal Urinary 
Day Body Urinary _ total total total Extra muscular work 
of wt. vol. N N 8 (total period per day 
diet Diet kg. ml. g. g. g. 1 hr.) 
2 Basal 64-20 880 — _ — — 
3 ” 64:05 2090 10-79 — 0-658 _ 
4 9 63-70 2248 10-63 — 0-725 _— 
5 Basal+210g. 6400 1795 10-24 0-647 — 
glucose 
6 99 64:30 1810 9-24 1-12/day 0-592 — 
7 ia 64:50 1380 906f ~“"Y — 0.609 — 
‘ 
8 * 64:35 2018 #20 0-606 — 
9 a 64:15 1350 8-73 0-614) 48,000 kg.m. per day per- 
10 ~ 64-60 825 9-50 — 0-734! formed shortly before food 
at a physiological cost of 
522 Cal. (657 Cal. gross — 
} 135 Cal. light work basal) 
1] 65-10 1410 9-80 0-594 as 
12 64:90 2106 9-12 0-641 : 
13 64-65 1740 9-02 0-673) 48,000 kg.m. per day per- 
14 64-30 1305 10-06 0-722; formed shortly after food 
15 64-70 1480 10-69 0-717 = 
16 64-45 1840 10-59 0-782 = 
17 — 680 9-62 — 0-750 — 


N equilibrium was first established on an adequate diet; the energy value 
was then increased above requirement by the addition of 210 g. glucose (785 Cal.) 
taken in three equal lots of 70 g. each, at 3, 4 and 7 p.m. daily. As a result of 
this excess food a definite retention of N and S took place comparable with that 
noted in earlier experiments. The daily N output was depressed by about 1-5 g. 
As soon as the N excretion had come to a steady value muscular work was super- 
imposed on 2 successive days, the work being 48,000 kg.m. (112 Cal.), and ata 
physiological cost of approximately 522 Cal. based on analysis of the expired 
air. From the gross value was deducted the cost of performing light laboratory 
duties. 

In this particular period the extra work was all completed between 11.30 a.m. 
and 12.30 p.m. on each of the 2 days, i.e. immediately before lunch. On the 
first day of work there was a diminution in the N excretion and on the day 
following a slight rise which was continued into the first post-work day; the 
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basal value was reached on the second post-work day. The S excretion behaved 


somewhat differently. No fall took place on 
the first work day. On the second work day 
there was a definite rise which did not continue 
like that of N into the post-work period. 

On the next 2 days further periods of work 
were performed equivalent to 48,000 kg.m. per 
day but as the rate of working had proved some- 
what exhausting in the first work period, on 
this occasion it was done in three 30 min. 
spells, after lunch, tea and supper and was 
equivalent to 22,880, 18,300 and 6860 kg.m. 
On these 2 days the additional glucose (210 g.) 
was divided so that at lunch, tea and supper 
the amounts consumed were 100, 80 and 30 g. 
The N and § excretions rose to much higher 
levels during this period; there was no rise in 
N on the first work day and the maximum 
excretion was again noted on the first post- 
work day, but even by the third post-work day 
the N and S excretions had not returned to 
normal. 

Although unsatisfactory in many respects, 
this experiment was of interest in so far as it 
indicated the possibility that a time relationship 
between the work done and the period of ab- 
sorption of food might play a part in determin- 
ing the extent of the increased N excretion 


Period of prolonged overfeeding with 
additional carbohydrate (785 Cal.) 


Work shortly Work shortly 
before meals after meals 
















15 Days 


5 10 


Fig. 1. Subject H. N. M. The effect 
of work performed shortly before 
and shortly after meals during a 
period of prolonged overfeeding with 
additional glucose equivalent to 





which many have observed to result from 5. 
work, e.g. Cathcart & Burnett [1925], Wilson [1932]. 

To elucidate this point further a second series of experiments was per- 
formed. 


Second series 


Subject D. P. C. Table ITI, Fig. 2. 

N and weight equilibrium were first established on the basal diet. Muscular 
work was then performed on 2 successive days without any increment in energy 
intake. Lunch and tea were consumed at 1-1.30 and 5.30-6.0 p.m. respectively 
and the work, 43,100 kg.m. (101 Cal.), was performed at 2—2.55 and 6.30-7.25 p.m., 
that is during the maximum absorptive periods for carbohydrat«. (The work of 
Christensen et al. [1934], Courtice & Douglas [1936] and Hald) & Bachmann 
[1937] indicates that freshly ingested carbohydrate is not used for muscle work. 
There is evidence to show that in moderate work both carbohydrate and fat are 
catabolized in proportions determined by the preceding diet.) The physiological 
cost of the work was approximately 476 Cal. as based on analyses of air taken 
during the middle of the work period. 

After a slight fall in N output on the first day of work, the level then rose 
and reached its maximum on the first post-work day. It had practically reached 
the basal level on the next day. The total rise over basal during the 2 work days 
and the post-work day was 1-71 g. The urinary excretion of S rose on the 
first work day to its maximum value. The output on the second work day was 
practically the same and by the first post-work day basal values were reached. 
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This more rapid excretion of S was also noted in the subsequent work periods. 
Body weight fell during this period. 

The work period was repeated. but on this occasion the physiological cost of 
the work (466 Cal.) was made good by the addition of two lots of 65 g. cane 
sugar taken in lemon water at the close of lunch and tea. The rise and fall ‘in N 
and S excretions had the same general trend as in the first work period but the 
rises were less pronounced. During the 2 work days and first post-work day 
1-06 g. N were excreted over basal. There was naturally no further loss in weight 


when the cost of the work was covered. pes 
Period of prolonged overfeeding with Removed 
additional carbohydrate (= 520Cal.) TT Replaced 


Work shortly after © Work shortly before 
Work shortly meals, but covered meals, but covered 
after meals by extra carbohydrate by extra carbohydrate 


Work shortly Work shortly 
before meals after meals 


wt. kg. 


85-+2000 


Vol. 
mi. 





16-0 
} 


| 


a | Basal ee s,s ae 

é. oo wrt. 

14-0 | | 

1340 | 

1-0 | 

Total S 0 

= 

or 9 10 15 » 25 30 35 Days 


Fig. 2. Subject D. P. C. The effect of work performed shortly before and shortly after meals on 
(a) basal diet, (6) basal diet + sufficient cane sugar to cover cost of work, and (c) during period 
of prolonged surfeit with cane sugar. 


When N equilibrium had again been restored the same amount of work was 
repeated on 2 successive days, the cost of the work again being made good by the 
same additions of cane sugar taken at the same times, but the work, instead of 
following the ingestion of food, was performed between 11.30 a.m. and 12.25 p.m. 
and between 4.15 and 5.10 p.m. Instead of rises in N and S§ excretions there 
occurred falls which persisted during the second work day. This confirmed the 
previous suspicion that the effect of work on protein metabolism was influenced 
by the time relationship of the working period to the taking of food. It was 
then decided to repeat the experiments of the first series and to this end the N 
and § excretions were first depressed by taking 130 g. cane sugar in lemon water 
daily in two equal lots at the conclusion of lunch and tea. A slight alimentary 
glycosuria amounting to 3-5g. per day occurred. Body weight immediately 
commenced to rise, the N and S excretions to fall. Eventually the N excretion 
remained fairly stable, about 1 g. below basal level. As in the preceding experi- 
ment work was now performed before lunch and tea on 2 successive days. The 
additional daily work (43,100 kg.m.) was calculated to require an energy ex- 
penditure approximately equal to the calorie value of the daily extra intake of 
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carbohydrate, so that a rise in N excretion to the original value was anticipated. 
Instead of a fall in N and S excretion as in the last work period, a rise occurred, 
confirming the findings on H. N. M. in the first experimental series. The maximum 
excretions took place on the second work day and practically reached the original 
basal value. For the 2 work days and the first post-work day the total rise over 
the depressed basal was 1-63 g. 

The procedure was then repeated, the work (physiological cost 439 Cal.) 
however being done shortly after lunch and tea, as in the first two work periods 
of this series. The rise in N excretion was much more marked than in the pre- 
ceding experiment and even on the second post-work day the N excretion was 
above normal. This was in accordance with what had been found in the case of 
H. N. M. The total rise over the depressed basal level was approximately 2-45 g. 

For purposes of comparison with these last two work periods, carbohydrate 
(cane sugar) equivalent to 450 Cal. was omitted in two equal lots at lunch and 
tea, on 2 successive days. The result was an immediate rise in N excretion lasting 
' for 2 days and amounting in all to approximately 1-54 g. above the depressed 
basal; an amount not far short of that observed when the work was done before 
food during the period of excess feeding, with the distinct difference that (1) on 
the first day of work there was virtually no rise in N excretion, whereas the 
direct removal of carbohydrate caused an immediate response, and (2) the rise 
in N following the work was continued into the first post-work day, whereas no 
such delay resulted from the direct removal of carbohydrate. The S excretion 
behaved in a somewhat analogous fashion. Apart from a slight elevation during 
the period of surfeit feeding, the creatinine excretion remained very constant. 


Third series 

H. N.M. Table IV, Fig. 3. 

These experiments were instituted to confirm the previous findings on 
D. P. C. 

Having first established N and weight ubiit . meeeeene 
equilibria on an adequate diet (30 g. less ee. ae 
butter than the basal diet of April series), 
work was performed on 2 successive days 
between 11.30 a.m. and 12.30 p.m., lunch 
and tea being consumed at 12.45 and 
4.30 p.m. respectively. In this period 
no attempt was made to cover the cost 
of the work. The increase in N and § 
excretions was slight and the maximum 
N output occurred on the first post-work 
day. These changes, when compared 
with those found during the third work 
period in this series, indicate that when T«!s| ! 
the work is not covered by increasing * 
the fuel value of the diet, there is a much 
more marked excretion of N and § if 
the work is done shortly after the taking 
of food than is the case if the work is 
performed shortly before meals. Fig. 3. Subject H. N. M. The effect of work 

During the second work period in performed shortly before and shortly after 
this series more than sufficient carbo- ™* 
hydrate was taken at lunch and at tea to cover the extra work done (135 g. 
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glucose = 505 Cal.). The work was perfor ed before taking the food. A de- 
pression of N and S excretion took plave ,ust as in the similar experiment on 
D. P. C. There exists therefore a distinct difference between the effects of work 
on protein metabolism when the work is covered and when it is uncovered by 
extra available energy, the time relationship being unchanged. 


Discussion 


Analysis of the results of these experiments in accordance with the scheme 
outlined in the introduction demonstrates that: 

(1) If work is done on certain days during a prolonged period of surfeit 
feeding with carbohydrate, such surfeit providing energy in slight excess of the 
extra expenditure on the selected work days, there occurs a rise in N and § 
excretion over the depressed basal values. The rise is exhibited even when the 
work is done shortly before food and is such as to bring the output of these 
catabolites up to their level on the basal maintenance diet. When the work is 
done shortly after meals (absorptive state) the rise in N and S excretion is more 
marked and of longer duration than when the work is performed before meals. 

(2) When work is superimposed on a basal diet just adequate for maintenance 
a definite rise in N and S excretion is noted if the work is performed shortly after 
the meals. There is only a very small rise when the work is performed shortly 
before the taking of food. 

(3) If the additional work be covered by extra carbohydrate, taken at lunch 
and tea, then no rise in N and § excretion takes place if the work be done shortly 
before these meals; indeed a fall may be noted, whereas if performed shortly 
after food, a definite rise occurs. 

It is difficult to put forward a satisfactory hypothesis to account for these 
phenomena. These varied time relationships do, however, offer a possible 
explanation for the diversity of experimental results which have appeared in the 
literature concerning the effect of work on protein metabolism. The literature on 
the relation between protein metabolism and muscular work has been reviewed 
by Cathcart [1925], Mitchell & Hamilton [1929], Lusk [1931], Wilson [1932] and 
Mezincesco [1937]. The presence or absence of a rise in N excretion appears to 
be dependent on the time relationship of the work done to the absorption of the 
food, and on the relationship between the energy intake of the basal diet and that 
of the work period. Many experiments on muscular work can be criticized on 
the grounds either that the cost of the work was not covered by a sufficient 
intake or that the diet of the pre-work period was excessive. 

When the adequately fed organism is confronted with the necessity of dis- 
posing of ingested food in excess of its energy requirement, it burns what it can 
and stores what it cannot. An alimentary glycosuria may also result if a large 
excess of carbohydrate is given. When the organism is flooded with carbohydrate 
the glycogen stores of the liver, muscle and other tissues are soon filled up, for 
the capacity to store this substance is limited. With a continued excess of 
glucose in the system, the proportion of carbohydrate burned is raised more 
and more. It is at this point in all probability that fat formation must result in 
order to dispose of the continued supply of carbohydrate. Coincidently with 
this increase in carbohydrate oxidation and the necessity for its disposal in some 
fashion, there occur N and also S§ retention [Cuthbertson & Munro, 1937]. 
Deamination is diminished, for the non-nitrogenous moiety of the amino-acids is 
no longer required for fuel purposes, the surplus amino-acids being stored as new 
protein or attached as Roche [1934] suggests to already existing protein. 
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The rise in N and S elimination which takes place when work is superimposed 
during a period of overfeeding is understandable on these grounds. The increased 
expenditure of energy, by reducing the plethora of readily oxidizable material 
in the organism, permits an increase in deamination. The extent of the rise 
depends on the relationship of the extra work done to the excess energy intake. 
The direct removal of excess carbohydrate causes a similar but more rapid effect. 

To account for the more marked rise in N and S excretion when the work is 
performed shortly after food it is necessary to assume some additional metabolic 
process. This process must also account for the failure of N excretion to rise in 
those experiments in which the work was performed shortly before meals and for 
the presence of a rise when the work was done during the absorptive period, the 
cost of the work in each instance being fully met by additional carbohydrate. 
The nature of this effect may be acceleration of absorption and/or subsequent 
metabolism of the freshly ingested food protein, thus diminishing the normal 
time-lag between ingestion of protein and excretion of its catabolic end-products. 
On the other hand it may be that the anabolic phase of cellular metabolism, in 
particular of protein, is reduced and generally inhibited by the excessive cata- 
bolism. If this were so, it might be anticipated that the fraction of the ingested 
amino-acids which would normally make good the wear and tear of tissue protein 
would be partly deaminated and thus give a rise in N excretion. 

A further possibility may be envisaged. The organism is never in continuous 
equilibrium but oscillates between slightly over- and under-charged states as 
regards its content of readily combustible substances. After a mixed meal there 
is a temporary plethora of readily oxidizable material in the tissues, and during 
this period it is possible that there is normally a partial retention of the food N 
owing to preferential oxidation of carbohydrate (not necessarily the freshly 
ingested carbohydrate). In the course of 24 hr. this particular metabolic phase 
is compensated by a period when an equivalent amount of the stored N is 
catabolized. This probably occurs during the night when post-absorptive con- 
ditions predominate. The superimposition of work reduces the plethora of 
readily oxidizable substances and, from considerations already discussed, the N 
excretion rises. This occurs even when the cost of the work is made good by 
' ingesting sufficient carbohydrate just before its performance, probably because 
it is not the freshly ingested carbohydrate which is oxidized but the preformed 
carbohydrate stores. The rise in N over the 24 hr. is naturally greater if no 
attempt is made to cover the cost of the work. One would anticipate that a 
period of restitution would set in, and that the period of N loss would be followed 
by a period of N gain within the 24 hr. The biological pendulum swings slowly: 
the organism must be protected from violent changes in its internal environment. 

Krebs [1935] has shown that deamination of amino-acids by kidney slices is 
inhibited by substances such as lactate, pyruvate, succinic acid and «-keto-acids 
(but not by glucose). Some such mechanism may inhibit deamination in the 
intact organism subjected to a plethora of readily oxidizable material. Larson & 
Chaikoff’s work [1937] indicates that the N-saving effect of a plethora of carbo- 
hydrate is only apparent when this falls within 4 hr. of the ingestion of a mixed 
meal (i.e. in the dog). 

The slight difference in reaction of the organism to work performed just 
before food when the energy expenditure was (a) covered and (6) not covered, 
is probably best explained on the grounds that the additional carbohydrate 
taken at the conclusion of the work period exercised a N-saving effect which 
dwarfed the slight rise caused by the negative energy balance and/or the 
accelerated metabolism. 
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The maximum N excretions in these experiments have generally been observed 
on the first or second post-work days. This delay appears to indicate a time-lag 
between deamination and excretion of the end products (mainly urea) of this 
increased protein catabolism. When the body is accustomed to a certain rate 
of protein metabolism there is a time-lag in adjusting itself to a materially higher 
or lower level. This time-lag relates only to the N fractions for in general the 
appearance in the urine of the S moiety of the catabolized protein precedes the 
N fraction (vide Figs. 1-3, Table V). In the first series of experiments the 


Table V. S:WN ratios 


First series Second series Third series 
of exps. of exps. of exps. 
Basal output 1: 15-5 1: 15-0 1: 14-7 
Depressed basal output 1: 153 1:14-8 — 
Material retained during prolonged surfeit 1: 16-1 1: 19-0 — 
with carbohydrate 
Excess output when work performed shortly 1: 6-8 1:79 = 
before food during surfeit feeding 
Excess output when work performed shortly 1: 6-6 1:6-9 — 
after food during surfeit feeding 
1: 13-3 


Excess output when work performed shortly _— — 
before food, the cost of the work not being 

met by extra intake 

Excess output when work done shortly after — bs i27 
food, the cost of the work not being met by 

extra intake 
Excess output when work done shortly after _ 1:63 
food, the cost of the work being met by extra 

intake 


1: 143 


S:N ratio of the material retained during the period of extra carbohydrate 
feeding was 1 : 16-1, whereas that of the excess outputs during the two work 
periods was much higher, ca. 1:7. In the second series the 8S: N ratio of the 
material retained during surfeit feeding was 1 : 19 and that of the excess output 
resulting from work was also high, viz. 1 : 7-9-1 : 6-9. When the work was 
performed on the basal diet after food the ratio of the rejected material was 
1 : 12-7, but when the cost of the work was covered by previously ingested 
carbohydrate the ratio was 1 : 6-3. In the third series of experiments the S : N 
ratios of the excess outputs of the first and last work periods were 1 : 13-3 and 
1 : 14-3. In the latter instance the food included an addition equivalent to the 
cost of the work. Too much stress cannot be laid on these values since they vary 
somewhat according to the method of computation, but the differences between 
the high and low values are worthy of record. 


Note on the mineral metabolism during the foregoing experiments 


In the second series of experiments the various work periods caused slight 
depressions in urinary volume paralleled by similar changes in Cl, inorganic P 
and Na excretions. The depressions were followed by more marked post-work 
rises. Addition and removal of excess carbohydrate had no effect. To a less 
extent the excretion of K reflected the changes in urinary volume. Its output 
was slightly depressed during the period of overfeeding but rose with the per- 
formance of work. Work in the earlier periods had no consistent effect upon the 
excretion of K. The Ca and Mg outputs generally fluctuated in parallel but here 
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also no consistent effect of the work could be traced. The excretion was mainly 
influenced by the changes in urinary volume. 

In the third series of experiments the three work periods resulted in de- 
pressions of the urinary volume, Cl and Na excretions. In place of similar 
depressions in the phosphate excretion there occurred definite increments in the 
first two work periods. The rise in sulphate excretion in the first period was not 
very marked and scarcely any rise occurred in the second period. It may be that 
some kind of reciprocal relationship exists between sulphate on the one hand and 
phosphate and to less extent chloride on the other: the alteration in chloride 
excretion being mainly due to sweat loss. The data are too scanty to establish 
this with any certainty. The main determining factor in the excretion of these 
inorganic metabolites, sulphate excepted, is the urinary volume. The excretion 
of K appears to bear some slight relationship to the intensity of the protein 
catabolism. 


SUMMARY 


1. When work equivalent to 43,000-48,000 kg.m. per day is superimposed on 
a basal diet just adequate for maintenance a quite definite rise in N and S 
excretion is noted if the extra work is performed shortly after meals. There is 
only a small rise if the work is done shortly before taking food. 

2. If the additional work be covered by extra carbohydrate taken at lunch 
and tea, then no rise in N and S excretion takes place if the work be performed 
before these meals; whereas if performed shortly after food a definite rise occurs. 

3. When the work is performed on certain days during a prolonged period 
of surfeit feeding with carbohydrate, such surfeit providing energy in slight 
excess of the extra expenditure on the selected work days, there occurs a definite 
rise in N and S excretion over the depressed basal values caused by the ingestion 
of the excess food. When the work is done shortly after meals these increments 
are more marked and of longer duration than when the work is performed 
shortly before meals. Even in the latter case the rise is such as to bring the 
output of these excretory products up to their level on the basal maintenance 
diet. The effect is somewhat comparable with that which follows the removal of 
the surfeit carbohydrate from the diet. 

4. The urinary excretion of N lagged behind that of 8. The S : N ratio of the 
excess outputs of the work periods over the depressed basal values during the 
period of surfeit was high, irrespective of when the work was done; whereas 
when the work was done on the maintenance ration the ratio was generally 
lower. 

5. The changes in certain of the other inorganic metabolites are discussed. 


We are deeply indebted to Prof. E. P. Cathcart and Prof. G. M. Wishart for 


helpful criticism and encouragement. 
A grant in aid of this investigation was made from the D. C. Andrew Fund. 
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Ir has been shown by Pugh & Quastel [1937, 1] that an amine oxidase exists in 
brain and other tissues capable of oxidizing aliphatic amines with the liberation 
of ammonia. Butylamine, amylamine, isoamylamine and heptylamine were 
shown to be attacked whilst the lower amines were not appreciably affected. 
It is of interest that the higher amines which inhibit the normal respiration of 
brain cortex in presence of glucose are, themselves, attacked by this organ. In 
view of the possible clinical significance of the inhibitory effects of certain 
amines on brain respiration [Quastel & Wheatley, 1933, 1], a further study has 
been made of the oxidizing powers of brain and other tissues on amines. 


Technique 


The following paper resolves itself into a study of the oxidation of a number 
of amines by intact tissue slices and by tissue (chiefly liver) extracts. 

Respiration of the tissue in the presence and in the absence of amines was 
measured either with the Warburg or the Barcroft manometric apparatus. 
Ammonia estimations on the fluids in the manometric vessels at the termination 
of the experiments were made, in the case of volatile amines, by the procedure of 
Pugh & Quastel [1937, 2]. In the case of non-volatile amines, ammonia was 
estimated in the ordinary way by distillation in a current of ammonia-free air at 
the temperature of the boiling water-bath into standard acid solution; this was 
then titrated with standard alkali. When an appreciable amount of protein was 
present, as in the case of liver extracts, the protein was precipitated with 
trichloroacetic acid and ammonia estimated in the filtrate. 

Tissue slices were cut from organs freshly dissected from the animals and 
their thicknesses usually lay between 0-2 and 0-4mm. They were placed in 
manometric vessels containing phosphate-glucose-Locke solution! as basal 
medium, the amount of tissue slices in each vessel having a total dry weight 
varying from 15 to 30 mg. The manometer vessels were filled with oxygen and 
determinations of oxygen uptake were carried out at 37° usually over an 
experimental period of 2 hr. 

The results quoted were obtained from experiments carried out with the 
slices of the organ of one animal, although in the case of brain it was occasionally 
necessary to mix the slices from the brains of two animals. The results are 
typical of a number of duplicate experiments. 

The solutions in which tissue slices were immersed were made up to have an 
osmotic pressure approximately equal to 0-16 M NaCl. All amines were used 
as their hydrochlorides, a final concentration of M/150 usually being employed. 
The hydrogen ion concentration was maintained at pH 7-4 in all experiments. 

Details of the preparation of tissue extracts will be given later. 

1 Phosphate buffer 0-022 M; pH 7-4; glucose 0-08%. 
( 2306 ) 
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Respiration and ammonia production of tissue slices in presence of 
various amines 


Tyramine. As shown in an earlier paper [Quastel & Wheatley, 1933, 1], 
tyramine has a large inhibitory effect on the normal respiration of brain cortex 
in a glucose medium. This is shown in the case of the rat in Table I, which gives 





Table I 
Qo, (over Ist hr.) Qo, (over 2nd hr.) Onn 

c ‘ c ~ c \ 

Amine Amine Amine Amine Amine Amine 

Organ Amine absent present absent present absent present 
Rat Tyramine 0-0052 M 15:3 11-7 11-8 3-7 0-2 3-0 
brain Indolethylamine 0-0066 M 14-8 11-7 12-3 3-9 0-5 1-4 
Phenylethylamine 0-0066 MW 15-7 14-5 12-5 12-2 0-9 0-7 
Mescaline 0-0066 M 17-0 14-2 15-2 13-1 0-4 0-7 
Histamine 0-0066 M 13-7 18-2 12-2 13-9 0-6 0-4 
Benzedrine 0-0066 M 16-3 5-3 12-6 2-0 1-0 0-3 
Rat Tyramine 0-0052 M 10-7 9-5 6-2 4-9 1-9 8-3 
liver Indolethylamine 0-0066 M 9-2 9-1 6-4 5-7 1-3 4-4 
Phenylethylamine 0-0066 M 8-1 9-7 1-3 2-2 1-5 3-2 
Mescaline 0-0066 M 11-9 11-6 7-8 7-5 1-1 1-0 
Histamine 0-0066 M 8-9 9-8 2-0 2-8 1-6 2-3 
Benzedrine 0-0066 M 10-3 13-3 7-6 8-6 1-4 1-0 
Guinea- Tyramine 0-0052 M 25-8 21-9 23-1 17-9 0-9 6-5 
pig Indolethylamine 0-0066 VM 19-3 18-3 17-6 7-8 0-6 4-8 
kidney Phenylethylamine 0-0066 MV 17-6 20-9 17-6 20-0 1-2 2-0 
Mescaline 0-0066 M 19-4 19-7 18-0 18-8 0-6 0-7 
Histamine 0-0066 M 16-4 17-1 16-9 16-0 0-9 0-9 
Benzedrine 0-0066 M 20-7 20-4 19-9 18-4 0-9 0-3 


typical values of the respiration, Qo,» during the Ist and 2nd hr. of the experi- 
ment and of the ammonia production, Qxnu,> Calculated over the whole 
experimental period. 

Tyramine exercises a progressively toxic action on brain respiration in presence 
of glucose, the Qo, falling to a low value at the end of the experimental period of 
2 hr. Tyramine, however, is oxidized by brain cortex, ammonia being liberated. 
The Can. rises from 0-2 to 3-0 in a typical experiment. One of the products of 
oxidation is an aldehyde precipitated in acid solution by 2:4-dinitrophenyl- 
hydrazine; the hy drazone dissolves in alkali to form a deep red-brown solution. 

Aldehyde formation may be conveniently shown by a positive dinitro- 
phenylhydrazine-alkali test. The test is carried out by adding to 1 ml. of the 
solution containing the aldehyde 1 ml. of a saturated solution of 2:4-dinitro- 
phenylhydrazine in N HCl, allowing the mixture to stand at room temperature 
for 30 min. and finally adding 2 ml. N NaOH. The formation of a deep brown 
or red-brown coloration, which remains stable for at least 1 hr., is indicative of 
the presence in the original solution of an aldehyde or ketone. 

The formation of an aldehyde by the action of liver on tyramine has already 
been noted by Philpot [1937]. 

Tyramine, at the concentration used, does not diminish the respiration of 
liver and kidney cortex slices to the same extent as it does that of brain cortex, 
but, on the other hand, there is no evidence of increased respiration of these 
tissues in presence of the amine (see Fig. 1 and Table I). There is no doubt, 
however, as is known from previous work [Hare, 1928; Philpot, 1937] of the 
attack by liver tissue on tyramine. Results showing the increase of Qyy, are 
shown in Table I. 
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It is evident that since tyramine inhibits normal respiratory processes in 
intact brain, liver and kidney slices, no accurate measure can be made of the 
oxygen consumed by the amine in presence of the normal intact tissue. To 
obtain a measure of the oxygen taken up by the amine, the normal respiratory 





0 20 40 60 120 180 240 300 
Time (min.) 
Fig. 1. Respiration of rat liver slices in presence and absence of tyramine and of cyanide. 
A, tissue alone (18-0 mg. dry weight). B, tissue (20mg. dry weight) +tyramine (354 yl). 
C, tissue (19-3mg. dry weight) + KCN 0-003 /. D, tissue (18-4 mg. dry weight) + KCN 0-003 M 
+tyramine 354 vl. Theoretical O, uptake for 1 atom O,=177 pl. 


processes of the tissue must be retarded by a poison which will not affect tyramine 
oxidation or resort must be made to the use of tissue extracts. Experiments on 
these lines will be described later. 

Philpot [1937] has found a definitely increased respiration of liver slices in 
presence of tyramine. Our failure to do so must clearly depend on the different 
conditions under which the experiments were carried out. It is to be noted that 
Philpot used a high phosphate concentration M//15 in the medium in which the 
liver slices were immersed. Quastel & Wheatley [1933, 2] have pointed out that 
such a high phosphate concentration reduces liver slice respiration and renders 
conditions unphysiological probably by removal of calcium ions. With such a 
high phosphate concentration, for instance, fatty acids are but feebly attacked 
by liver slices. We have, therefore, used a phosphate-Locke medium in which 
the phosphate concentration is approximately M/50 to secure more favourable 
physiological conditions. It seems very probable that the increased respiration 
which Philpot obtained with liver slices in presence of tyramine is due to the 
suppression of normal respiratory processes in the liver by the high phosphate 
concentration. It will be shown later that cyanide has the same effect. 

The activities of the tissues investigated in breaking down tyramine as shown 
by ammonia liberation follow the order: 


Rat liver > guinea-pig kidney > rat brain. 


It is an extraordinary fact that rat kidney slices have relatively little power 
to oxidize tyramine, there being little or no extra ammonia liberation in presence 
of the amine and the dinitrophenylhydrazine-alkali test being usually negative. 
The relative inertness of rat kidney to tyramine is paralleled by its inertness to 
the aliphatic amines [Pugh & Quastel, 1937, 1]. 

In our experiments with tyramine, there has always been slight pigment 
production, which could not be accounted for as methaemoglobin, as it was 


a ee — 


a 





pl. O. uptake 
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obtained even with tissue extracts washed free from haemoglobin. Whether this 
is due to a slight impurity in the tyramine is a subject for further investigation. 

Indolethylamine. The behaviour of this amine towards tissue slice respiration 
is very similar to that of tyramine. There is a large inhibitory effect which 
increases with time on the normal respiration of brain (v. Table I and Fig. 2) and 


pl. O, uptake 





0 20 4 60 120 0 20 60 120 180 240 300 
Time (min.) Time (min.) 
Fig. 2. Fig. 3. 


Fig. 2. Respiration of rat brain slices in presence and absence of indolethylamine. A, tissue 


alone (13-2 mg. dry weight). B, tissue (13-2 mg. dry weight) +indolethylamine (0-0066 ). 


Fig. 3. Respiration of rat liver slices in presence and absence of indolethylamine and of cyanide. 
A, tissue alone (12-1 mg. dry weight). B, tissue (14:9 mg. dry weight) +indolethylamine 
(444 yl.). C, tissue (18-4 mg. dry weight) + KCN 0-003 M. D, tissue (13-2 mg. dry weight) + 
KCN 0-003 M +indolethylamine (444 ul.) Theoretical O, uptake for 1 atom O=222 ul. 


lesser effects on that of liver or kidney (Table I and Fig. 3). That oxidation of 
the amine by these tissues takes place is shown by ammonia formation and by 
aldehyde production as indicated by the positive dinitrophenylhydrazine-alkali 
test. The activities of the tissue slices investigated in oxidizing indolethylamine 


follow the order: 
Rat liver > guinea-pig kidney > rat brain. 


Rat kidney is relatively inert. 

Pigment formation from indolethylamine. A constant feature of indolethyl- 
amine oxidation in presence of tissues is the formation of a melanin-like pigment. 
The pigment is brown or black and it is adsorbed firmly on the tissue slices. 
Brain cortex slices which have respired in presence of indolethylamine take on a 
brown colour. The pigment is not soluble in ether or in acid solution but appears 
gradually to dissolve in alkaline solution. It appears not to be reduced by 
sodium hydrosulphite solution. It is formed from indolethylamine by liver 
extracts from which haemoglobin has been removed by repeated washing with 
distilled water, so that there is little doubt that the pigment is not due to 
secondary oxidation of the haemoglobin in the tissues. 

It is worth recalling, in connexion with pigment formation from indolethy]l- 
amine, that Eppinger [1910] has advanced the view that tryptophan is the 
parent substance of the melanogen found in a case of melanotic sarcoma. 

Phenylethylamine. The attack of tissue slices on phenylethylamine is very 
much less than on tyramine. Only rat liver shows any appreciable activity in 

146 
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liberating ammonia from the amine (Table I). The dinitrophenylhydrazine- 
alkali test is usually only feebly positive or negative with the tissues investigated. 
Hare [1928] has shown that liver attacks phenylethylamine. 

Mescaline (3 :4:5-trimethoxyphenylethylamine). As has been previously noted 
[Quastel & Wheatley, 1933, 1], mescaline diminishes the normal respiration of 
brain cortex slices (v. Table I) and it has little or no action at the concentration 
tried on the respirations of liver and kidney slices. It is but feebly or not at all 
attacked under the conditions of these experiments. 

Histamine. Histamine has no inhibitory effect on the respiration of brain, 
liver or kidney slices. There is, on the other hand, evidence of an increased 
respiration by brain in presence of the amine (Table I) but there is no increased 
ammonia formation. The dinitrophenylhydrazine-alkali test is usually negative, 
as in the cases of mescaline and benzedrine. Rat liver slices appear to have only 
a relatively small effect on the amine so far as ammonia production is concerned 
and guinea-pig kidney is without action. 

Benzedrine (phenylisopropylamine). This amine has a large inhibitory action 
on the respiration of brain cortex slices (Table I) but none apparently on that of 
liver or kidney. No extra ammonia formation takes place when tissues respire in 
presence of this amine, but, on the contrary, there appears to be a lessened 
ammonia production. 


Respiration of brain cortex slices in presence of tyramine and indolethylamine 


The effects of tyramine and indolethylamine on the respiration of the brain 
cortex of rat, guinea-pig and sheep are shown in Table II. It will be noted that 


Table II. Respiration of brain cortex slices in presence of tyramine and 





indolethylamine 
Qo, (over Ist hr) Qo, (over 2nd hr.) Qnxy 

c a € eae \ C te 

Amine Amine Amine Amine Amine Amine 

Amine Animal absent present absent present absent present 
Tyramine 0-0052 M Rat 15-5 9-1 12-2 4-6 1-2 3-9 
Guinea-pig 19-6 12-1 16-4 4-7 1-2 3-4 
Sheep 7-6 4-5 5-0 3-1 1:3 4-4 
Indolethylamine Rat 14:8 11-7 12-3 3-9 0-5 1-4 
0-0066 M Guinea-pig 19-6 11-1 16-4 4-0 1-2 1-9 
Sheep 7-6 4-4 5-0 2-1 1:3 1-9 


the behaviour towards guinea-pig and sheep is similar to that with rat. Increased 
ammonia formation takes place with the brain tissues of the three animals in 
presence of the amines, the ammonia formation being considerably greater in 
the case of tyramine. In all cases the dinitrophenylhydrazine-alkali test is 
positive. 
Effects of glucose 

In the absence of glucose the respiration of brain cortex slices falls rapidly. 
In presence of tyramine the rate of fall is not so great although the initial 
respiration is lower than in the absence of the amine. The Qo, of brain in the 
presence of tyramine (0-0052 M) may be greater during the 2nd hour than in its 
absence, so long as glucose is not present. These results are seen in Table III. 
This increased Q,, in presence of the amine is obviously due to oxidation of the 
amine. Ammonia formation from cortex slices is greater in the absence of glucose 


than in its presence, but there is no clear evidence that glucose affects appreciably 


the oxidation of tyramine by tissue slices as indicated by ammonia liberation. 


' 
t 
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Table III. Rat brain cortex slices 
Glucose, 0-08%; tyramine, 0-0052 M 





Qo, (over Ist hr.) Qo, (over 2nd hr.) Onn 
OOF eee Se oe 
Glucose Glucose Glucose Glucose Glucose Glucose 
Exp. 1 absent present absent present absent present 
Tyramine present 2-4 9-1 3-3 4-6 4-5 3-9 
Tyramine absent 5-4 15-5 1-4 12-2 2-5 1-2 
Exp. 2 
Tyramine present 5-5 12-5 4-0 5-0 6-3 4-7 
Tyramine absent 7-0 13-5 7 10-5 2-2 1-6 


The action of cyanide 


The presence of cyanide whilst inhibiting the normal respiration of tissue 
slices does not prevent the activity of the amine oxidase. Results with indol- 
ethylamine, tyramine and isoamylamine in presence of rat liver slices are shown 
in Table IV where the Qo, (estimated over the Ist hr. of the experiment) and the 


Table IV. Rat liver slices 














Cyanide absent Cyanide present M/300 
c ‘ ( 
Qo, (over Ist hr.) Onn Qo, (over Ist hr.) Onus 
er, ~\ c C ‘ c sa . 
Amine Amine Amine Amine Amine Amine Amine Amine 
Amine absent present absent present absent present absent present 
Indolethylamine 5-0 5-5 3-6 6-2 0-0 3-1 2-8 6-0 
0-0066 M 
Tyramine 0-0052M 8-4 12-7 1-8 9-7 0-0 8-0 2-8 7-6 
isoAmylamine 6-2 8-8 3-3 9-5 0-0 3-9 48 10-5 


0-0066 M 


Qnu, (over the entire experimental period) are given. It will be noted that 
there is a marked oxygen uptake when the amine is present with the tissue in 
presence of cyanide whilst the respiration in absence of amine is reduced nearly 
to zero. Ammonia formation is also markedly increased in the presence of the 
amine and cyanide, indicating an oxidation of the amine. The results lead to 
the conclusion that there is little or no inhibitory effect on the oxidation of 
amines by cyanide. 

Philpot [1937] has observed that cyanide does not affect oxidation of 
tyramine by liver, and Bernheim [1931] has previously noted that tyramine 
takes up an atom of oxygen in presence of liver and cyanide. 

Curves showing the effects of cyanide on tyramine and indolethylamine 
oxidation by liver slices are shown in Figs. 1 and 3. 


Total oxygen uptake by tyramine in presence of cyanide 
The total oxygen uptake by tyramine in presence of rat liver slices and in 
presence of cyanide amounts to approximately 1 atom of oxygen per mol. of 
Table V. Rat liver slices 


Cyanide concentration .M/300 


Oxygen con- Oxygen con- 
Amount of sumed in sumed in NH, formed NH, formed 
tyramine absence of presence of in absence in presence 
present amine amine of amine of amine 
Exp. pl. pl. pl. pl. pl. 
1 354 40 208 204 434 
2 354 169 356 289 507 


146—2 
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amine. The results of two experiments are shown in Table V. The experimental 
period was 4 hr., in order to allow oxidation of the amine to go as far as possible. 
The amount of tissue in Exp. 1 was 18-4 mg. dry weight and that in Exp. 2, 
28-6 mg. dry weight. The amounts of tyramine and ammonia are expressed in 
pl. gas to make easier comparison with the volumes of oxygen consumed. 

Assuming that the actual amount of oxygen taken up by the amine is the 
difference between the amounts consumed in the presence and in the absence of 
amine we see that 





Amine present 354; 354 4. 
Oxygen —— a 1 (Exp. 1) and 137! 9 (Exp. 2), 


i.e. that 1 atom of oxygen is consumed per mol. of amine. Yet this conclusion 
does involve the assumption that, in presence of cyanide, tyramine does not 
interfere with the residual respiration of the liver slices, an assumption which 
seems justified by the fact that with different amounts of tissue the same ratio 
of amine oxidized to oxygen consumed is obtained. When the ammonia forma- 
tion is considered a more difficult problem is involved, for there is as yet no 
evidence to indicate how far tyramine inhibits spontaneous ammonia formation 
from the tissue. If 1 mol. of ammonia is produced per mol. of amine then in 
Exps. 1 and 2 (Table V) 354 yl. NH, should have been formed whereas the actual 
amounts lie presumably between 230 and 434 yl. in the first experiment and 
between 218 and 507 pl. in the second. It is obvious that no commitment can be 
made as to the actual amount of ammonia produced from the amine, but it is 
true to say that the results are not inconsistent with the theoretical value of 
354 yl., granting the production of 1 mol. of ammonia by oxidation of 1 mol. of 
tyramine. Philpot [1937] came to the same conclusion using rat liver slices in 
presence of a high phosphate concentration. 


Action of cyanide on indolethylamine oxidation by tissue slices 


Table VI. Rat liver slices 


Cyanide concentrations M/300 


Oxygen con- Oxygen con- 
Amount of sumed in sumed in NH, produced NH, produced 
indolethylamine —_ absence of presence of in absence in presence 
present amine amine of amine of amine 
Exp. pl. pl. pl. pl. pl. 
1 444 30 263 252 419 
2 444 93 317 352 524 


It is clear from the results shown in Table VI that in presence of cyanide 
approximately 1 atom of oxygen is consumed per mol. of indolethylamine. The 
ratio Semen 
See netake (Exp. 1) and 6 i+ (Exp. 2), 


Oxygen consumed 233 ~ 224 











again making the assumption that the amine does not interfere with the residual 
respiration of liver in presence of cyanide. We have observed in experiments 
lasting 6-7 hr. that there is a further very feeble oxidation taking place beyond 
the stage at which 1 atom of oxygen is taken up. The ammonia formation from 
the amine is again difficult to estimate for the reasons outlined in the case of 
tyramine but the results are not inconsistent with the value of 1 mol. of ammonia 
being produced from 1 mol. of indolethylamine. 

One of the most noteworthy features of the effect of cyanide on indolethyl- 
amine oxidation by tissue slices is the fact that the pigment production is very 











AMINE OXIDASE 2313 


greatly reduced. It would seem therefore that two mechanisms exist in tissues 


which affect indolethylamine oxidation: 
(1) A cyanide-resistant mechanism which results in the oxidation of the 


amino-group and liberation of ammonia. 
(2) A cyanide-sensitive mechanism which results in the formation of a pig- 
ment either from indolethylamine directly or from its product of oxidation by 


the amine oxidase. 

Conceivably the second process, i.e. pigment formation, is due to the 
introduction of oxygen into the indole nucleus and this may involve the partici- 
pation of a cyanide-sensitive mechanism. 


The effects of arsenite 


Arsenite, whilst diminishing the normal respiratory processes of tissue slices, 
does not appreciably inhibit amine oxidation; nor, in the case of indolethylamine, 
does it markedly inhibit pigment formation. 


Table VII. Rat liver slices 


Sodium arsenite M/1000 


Oxygen con- 
sumed in 
presence of 


amine NH, formed 
Amount of amine pl. pl. 
No amine added 212 180 
Tyramine 354 ul. 395 524 
Indolethylamine 444 yl. 491 481 


The experiments noted in Table VII were carried out over an experimental 
period of 5 hr., 23 mg. dry weight liver slices being present in each experiment. 
1 . . a : Fi 
Sodium arsenite was added at a concentration of M/1000. 

The results show that tyramine is oxidized in presence of arsenite in much 
the same way as in presence of cyanide, the oxygen uptake and ammonia forma- 
tion corresponding approximately to 1 atom of oxygen and | mol. of ammonia 


Cc 
500 
450 B 
400 
350 


» & 
$s 


s 


pl. O, uptake 


150 


0 30 60 9 120 180 300 330 420 
Time (min.) 
Fig. 4. Respiration of rat liver slices in presence of arsenite (0-001 M) and amines. A, tissue 
(22-9 mg. dry weight) + arsenite. B, tissue (22-6mg. dry weight) + arsenite + tyramin e(354,l.). 
C, tissue (23-7 mg. dry weight) + arsenite + indolethylamine (444 l.). 


per mol. of tyramine. With indolethylamine, however, it is evident that more 
oxygen is consumed than corresponds to 1 atom of oxygen and it seems likely 
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since pigment formation obviously takes place in the presence of arsenite, 
that the extra oxygen uptake is involved in the pigment production. The 
ammonia formation is not inconsistent with the conclusion, as in the case of 
cyanide, that 1 mol. of ammonia is produced from each mol. of indolethylamine. 
Typical curves of the rates of oxygen uptake by tyramine and indolethyl- 
amine in presence of rat liver slices and sodium arsenite are shown in Fig. 4. 


Effects of liver extracts on amine oxidation 


As shown in our earlier paper, extracts of rat brain and liver and guinea-pig 
kidney oxidize the higher aliphatic amines, and this applies also to indolethyl- 
amine and tyramine. It is evident, however, that in order to obtain satisfactory 
data which will indicate the course of breakdown of the amines active extracts 
must be used which have very little or no residual respiration and from which 
there is little spontaneous ammonia formation. 

Such an extract may be obtained from rat liver by mincing and lightly 
grinding with sand fresh liver in an equal volume by weight of phosphate-Locke 
solution at pH 7-4. The tissue suspension is filtered through muslin and 
the filtrate centrifuged. The centrifuged deposit of tissue is separated from the 
clear centrifugate and from traces of sand, and it is well mixed with distilled 
water and again centrifuged. The deposit is mixed again with distilled water 
and again centrifuged and this process is repeated until the centrifugate is quite 
clear and shows no sign of haemoglobin spectroscopically. The residue is finally 
made up in phosphate-Locke solution, pH 7-4, or in distilled water. 

With this extract, which shows very little residual respiration, active oxida- 
tion of butylamine, isoamylamine, tyramine and indolethylamine is observed. 


Dialysis 

An experiment was carried out to see if dialysis of an active sheep liver extract, 
made similarly to that described above for rat liver, would result in loss of its 
ability to oxidize tyramine or isoamylamine. Dialysis, however, through a 
cellophane membrane against a phosphate-Locke solution for 20 hr. did not 
result in any appreciable loss of activity. For example: 

O, uptake in 2 hr. by tyramine 0-0052 M with undialysed sheep liver extract =300 wl. 

O, uptake in 2 hr. by tyramine 0-0052 M with dialysed sheep liver extract =301 wl. 

NH, formation by tyramine 0-0052 M with undialysed sheep liver extract = 420 yl. 

NH, formation by tyramine 0-0052 M with dialysed sheep liver extract =401 yl. 

O, uptake in 2 hr. by isoamylamine 0-0066 M with undialysed sheep liver extract =174 yl. 

O, uptake in 2 hr. by isoamylamine 0-0066 MV with dialysed sheep liver extract =161 jl. 
The velocities of oxygen uptake in presence of the amines were the same with 
both dialysed and undialysed extracts. It appears, therefore, that the activity 
of the amine oxidase in the liver preparation is not dependent on an easily 
diffusible coenzyme. 


isoAmylamine oxidation by rat liver extract 


To obtain a clear idea of the course of oxidation of amines it was decided to 
analyse as completely as possible the products of oxidation of a typical amine 
and to obtain a balance sheet. isoAmylamine was first chosen as it is one of the 
most readily attacked of the amines and its oxidation is uncomplicated by 
pigment formation. 
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As shown earlier [Pugh & Quastel, 1937, 1] isoamylamine is oxidized to a 
product which readily gives a dinitrophenylhydrazone. This was isolated and 
analysed in the following way. 


Isolation and identification of 2 :4-dinitrophenylhydrazone 
of isovaleraldehyde 


45 mg. isoamylamine hydrochloride were dissolved in 10 ml. phosphate 
buffer solution pH 7-4. To this was added the total extract obtained from 
50 g. fresh sheep liver and the volume made up with water to 80 ml. The 
suspension was gently shaken in an atmosphere of oxygen for 4 hr. in a water- 
bath at 40°. 50 ml. 10% trichloroacetic acid were added, the precipitate of 
protein filtered off and to the clear filtrate were added 100 ml. of a saturated 
solution of 2:4-dinitrophenylhydrazine in N HCl. There was immediate 
formation of a yellow precipitate and this was allowed to stand at room tempera- 
ture overnight. The yellow crystalline precipitate was filtered, washed with a little 
N HCl, and then with a little water and finally dried. The weight of dinitro- 
phenylhydrazone was 75mg. This represented 79° of the theoretical yield. 
The substance was then analysed after recrystallization from alcohol, the 
following values being obtained: C, 49-7°%; H, 5-1% (Weiler). The calculated 
results for the dinitrophenylhydrazone of isovaleraldehyde are C, 49-6%; 
H, 52%. 

It is evident that the amine is oxidized to the corresponding aldehyde, thus: 

R.CH,NH, > R.CHO+NHs. 


Estimation of aldehyde, volatile acid and ammonia 


The aldehyde formed during the oxidation of the amine was estimated 
iodimetrically after bisulphite fixation. The procedure was as follows: to the 
solution containing the aldehyde was added 1 ml. 1 % sodium bisulphite solution 
and the mixture was allowed to stand at room temperature for 30 min. A few 
drops of starch solution were added and the solution titrated with V/10 iodine 
solution from a microburette. Sodium bicarbonate was then added in excess and 
the bisulphite liberated from the aldehyde complex titrated with N/10 iodine 
solution. 

Volatile acid was estimated by distillation into standard alkali from the 
solution containing the liver extract and products of oxidation of <soamylamine 
after rendering the latter solution acid with N sulphuric acid. 

Ammonia was estimated, as stated earlier, by the method of Pugh & Quastel 
[1937, 2]. 

Control experiments were carried out in the absence of isoamylamine. 

As stated in our earlier paper, oxidation of isoamylamine by tissues is 
accompanied by the production of a substance whose odour greatly resembles 
that of isoamyl alcohol. Since this is not formed when isoamylamine is placed 
in contact with tissues anaerobically, it seems likely that isovaleraldehyde 
produced from isoamylamine by oxidation undergoes a Cannizzaro reaction, in 
presence of liver aldehyde mutase [v. Dixon & Lutwak-Mann, 1937], into iso- 
amyl alcohol and isovaleric acid.! It will be assumed that the amount of iso- 
amyl alcohol formed is equivalent to the amount of isovaleric acid, estimated 
experimentally as volatile acid. 

1 Since not more than 1 atom of oxygen has been found to be consumed per mol. of amine 
during the oxidation of isoamylamine by a liver extract, it is evident that oxidation of the 
aldehyde by the Schardinger enzyme must be too small to affect these results. 








2316 C. E. M. PUGH AND J. H. QUASTEL 


Results with isoamylamine 


In a number of manometric vessels was placed isoamylamine M/150 in 3 ml. 
phosphate-Locke solution, containing an active liver extract. The same amount 
of liver extract was placed in each vessel. After the experimental period of 
2 hr. the oxygen uptakes were determined and the solutions in the vessels were 
analysed, one vessel for ammonia estimation, one for volatile acid estimation and 
one for aldehyde estimation. 

The following results were obtained, the values being given in terms of jl. gas: 


isoAmylamine originally present = 444 yl. 


Oxygen uptake =188 yl. 

NH, produced =377'1 yl. 

Aldehyde formed =0-13 ml. W/10 =291 yl. 
Volatile acid =0-026 ml. V/10 = 58 yl. 
Alcohol (by hypothesis) = 58 pl. 


Total aldehyde formed 
=aldehyde + volatile acid + alcohol =291 +58 + 58 yl. 


=407 yl. 
Total aldehyde formed _ 407 _ 1-08 
NH, produced 377. 


Ammonia formed NH, 377-1 
Oxygen uptake O 188 








= 2-05. 


It is also evident that not more than 1 atom of oxygen has been consumed per mol. of iso- 


amylamine. 


These results are consistent with the following equations expressing the 
breakdown of isoamylamine by liver extract: 


(CH,),CH.CH,.CH,NH, + 0 =(CH,),CH.CH,.CHO.+NH, 
2(CH,),CH.CH,.CHO =(CH,),.CH.CH,.CH,OH + (CH,)..CH.CH,.COOH. 


Results with butylamine 


When butylamine is oxidized in presence of intact liver slices acetoacetic acid 
is formed [Pugh & Quastel, 1937, 1]. With liver extracts, however, no evidence 
for acetoacetic acid production has been found. This is doubtless due to the 
fact that liver extracts, unlike the intact tissue, cannot oxidize the butyric 
acid which is formed by mutase action from the aldehyde. 

Experiments carried out, as described with isoamylamine, gave the following 


results: Butylamine originally present = 444 yl. 


Oxygen uptake =567 ., 
NH, produced =332 ,, 
Aldehyde formed — 
Volatile acid formed = 00 .,, 
Alcohol (by hypothesis) = 90,, 
Total aldehyde formed =aldehyde + volatile acid + alcohol 
=348 yl. 
NH, = 332 =< h@ 
ia” 
Total aldehyde formed _ 348 _ 1-05 
NH, formed 332 


The results are consistent with the equations: 
CH,CH,CH,CH,NH, + 0 =CH,CH,CH,CHO + NH, 
2CH,CH,CH,CHO =CH,CH,CH,COOH + CH,CH,CH,CH,OH 


te 
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Results with indolethylamine 
When indolethylamine is oxidized by a well washed liver extract, pigment 
formation takes place and the presence of the pigment makes it difficult to obtain 
a good end-point in the iodimetric estimation of aldehyde. The following are 


typical results : Indolethylamine originally present = 444 yl. 
96 


Oxygen uptake =396 yl. 

Aldehyde formed =123 pl. (approx.). 
Volatile acid formed =nil. 

NH, produced =192 pl. 


. ” 

These results show =a hie Tommed = 195 = 15. This high figure is probably 
due to the aldehyde estimation being too low owing to the difficulty in ascer- 
taining the correct end-point in the iodine titration.1 Another experiment gave 
a lower ratio, i.e. 1-2. The most significant finding, however, is that the ratio 
Nils _ 19° =0-48 is much lower than was obtained with isoamylamine or butyl- 
amine. Another experiment gave a ratio Nii = 0-59. Such a ratio is consistent 
with the view that between 3 and 4 atoms of oxygen are consumed for every 
molecule of ammonia formed. 

It is clear that if between 3 and 4 atoms of oxygen are consumed for each 
mol. of indolethylamine, the oxidation of the base in the presence of tissue slices 
must cease appreciably before the indolethylamine is fully oxidized. For in 
experiments designed to obtain the total oxygen uptake by indolethylamine in 
presence of intact liver slices, values of total oxygen uptake not greater than 
700 pl. have been obtained, the amount of indolethylamine present being initially 
444 wl. This value includes the autoxidation of the tissue slices themselves. In 
experiments also with tissue extracts total values not greater than 400 pl. were 
obtained with the same initial quantity of indolethylamine. The conclusion 
seems to be that the products of oxidation of indolethylamine partially inhibit 
the oxidation of the amine itself. An experiment was carried out to see if 
indoleacetic acid would inhibit the oxidation of indolethylamine but the results 
showed no inhibitory effect whatever. 








Hydrogen peroxide formation 


Both Hare [1928] and Philpot [1937] have shown that during tyramine 
oxidation by liver extracts hydrogen peroxide is formed. 

It is clear too, that during isoamylamine oxidation hydrogen peroxide is 
formed. This may be shown by the coupled oxidation of ethyl alcohol which 
ensues when the latter is added to isoamylamine in presence of rat liver extract. 
The oxygen uptake in presence of the amine is doubled on addition of alcohol 
(0-036 VM). This fact is shown by curves A and B, Fig. 5. Moreover, aldehyde 
formation as estimated by bisulphite addition and subsequent titration with 
iodine solution is also doubled.? For example in one experiment: aldehyde forma- 
tion in 2 hr. by oxidation of isoamylamine in presence of 1 ml. rat liver extract = 
224 ul.; aldehyde formed in 2hr. by oxidation of isoamylamine plus ethyl 
alcohol by 1 ml. rat liver extract = 493 pl. 

These facts indicate hydrogen peroxide formation by the amine [Keilin & 
Hartree, 1936]. Alcohol oxidation itself by rat liver extract is very feeble and 
insufficient to influence the values given above. 


1 It is also possible that some indoleacetic acid is formed. This point has not yet been 


investigated. 
2 The formation of acetaldehyde may be shown by the positive nitroprusside-piperidine test. 
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It is evident that the course of oxidation of isoamylamine may be represented 

as follows: 
R.CH,.NH, + 0,=R.CH =NH + H,0, Hypothetical intermediate 
R.CH=NH+H,0=R.CHO +NH, 
H,0, =H,0 +0 

When ethyl alcohol is added to indolethylamine in presence of rat liver 
extract, the oxygen uptake of the amine is not doubled. Values obtained, in one 
experiment, are shown in curves C and D, Fig. 5. A possible interpretation of this 


400 


D 


pl O, uptake 





0 30 60 9 0 30 60 90 
Time (min.) 


Fig. 5. A, 0-5 ml. liver extract + isoamylamine (0-0066 MV). B, 0-5ml. liver extract + isoamyla- 
mine (0-0066 M) + ethyl alcohol (0-036 M/). C,0-5ml. liver extract + indolethylamine (0-0066  ). 
D, 0-5 ml. liver extract + indolethylamine (0-0066 M) + ethyl alcohol (0-036 1). 


result is that the hydrogen peroxide formed during indolethylamine oxidation is 
responsible for further oxidation of the amine with subsequent pigment production. 
The presence of alcohol, in such circumstances, would not necessarily increase the 
oxygen uptake obtained with the amine alone. Further progress in this problem 
will depend on further knowledge being secured as to the chemical constitution of 
the pigment. : ‘ : 

Is amine oxidase a single enzyme ? 

It seems very likely from the biological distribution of the amine oxidase, 
that the same enzyme is involved in the oxidation of the aliphatic amines, 
tyramine and indolethylamine. 

A number of experiments were carried out to test this point. 

Using rat liver extract it was found that the oxygen uptake of a mixture of 
butylamine and tyramine was not the same as the sum of the oxygen uptakes 
of the two amines taken separately but a value approximating to one of them. 

For example: 

Total O, uptake in 60 min. with butylamine 0-0066 M =42 ul. 

Total O, uptake in 60 min. with tyramine 0-0052 M =229 ul. 

Total O, uptake in 60 min. with butylamine 0-0066 M +tyramine 0-0052 M =228 ul. 
Similar results were obtained with mixtures of tyramine and isoamylamine and 
of tyramine + indolethylamine. 

Ammonia formation from a mixture of two amines is also not the sum of the 
values obtained with the amines singly. For example, using rat liver extract, 

(1) NH, in 2 hr. from butylamine 0-0066 M =100 yl. 

NH, in 2 hr. from tyramine 0-0052 M =163 yl. 
NH, in 2 hr. from butylamine 0-0066 M +tyramine 0-0052 M =168 ul. 

(2) NH, in 2 hr. from tyramine 0-0052 M=331 yl. 

NH, in 2 hr. from isoamylamine 0-0066 M =176 yl. 
NH, in 2 hr. from tyramine 0-0052 M +isoamylamine 0-0066 M=210 ul. 
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Typical curves of the rates of oxygen uptakes of mixtures of amines are shown 
in Figs. 6, 7 and 8. 


pl. O, uptake 


pl. O, uptake 





120 0 20 60 120 
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Fig. 7. 
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Fig. 6. 


Fig. 6. A, 0-5 ml. liver extract alone. B, 0-5 ml. liver extract + isoamylamine (0-0066 M). C, 0-5 ml. 
liver extract +tyramine (0-0052 M). D, 0-5 ml. liver extract +tyramine (0-0052 M) +iso- 
amylamine (0-0066 V). 

Fig. 7. A, 0-5 ml. liver extract alone. B, 0-5 ml. liver extract + butylamine (0-0066 M). C, 0-5 ml. 
liver extract+tyramine (0-0052 M). D, 0-5 ml. liver extract +butylamine (0-0066 M)+ 
tyramine (0-0052 M). 
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Fig. 8. A, 0-5 ml. liver extract alone. B, 0-5 ml. liver extract +tyramine (0-0052 M). C,0-5 ml. 
liver extract + indolethylamine (0-0066M). D, 0-5 ml. liver extract + tyramine (0-0052./) + 


indolethylamine (0-0066 V). 


These results lead to the conclusion that a common amine oxidase system is 
concerned with oxidation of the amines. 

This is borne out also by the fact that an amine which is not vigorously 
oxidized by amine oxidase will inhibit the oxidation of another amine. For 
example, it was found that the presence of phenylethylamine will inhibit 
ammonia formation from tyramine. Thus in one experiment, using rat liver 
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slices in presence of phosphate-Locke-glucose medium, the following results were 


obtained : No amine With tyramine With f-phenyl- With tyramine 
present ~ 0-0052 M ethylamine 0-0052 M + B-phenyl- 
0-0066 M ethylamine 0-0066 M 
Qnug (over 2 hr.) 1-0 3-6 1:3 1-9 


It is proposed to term the enzyme amine oxidase, this being identical 
apparently with tyramine oxidase. 


SUMMARY 


1. Indolethylamine and tyramine, which greatly inhibit the respiration of 
brain cortex slices in a glucose medium, are oxidized by an amine oxidase in brain 
with liberation of ammonia and an aldehyde. Mescaline, benzedrine (pheny]l- 
isopropylamine) and B-phenylethylamine which also inhibit brain respiration are 
attacked feebly or not at all. There is no evidence for deamination of histamine 
by brain. 

2. Rat liver slices and guinea-pig kidney slices oxidize and deaminate 
indolethylamine, tyramine and phenylethylamine and their effects on mescaline, 
histamine and benzedrine are small or negligible. The order of activity of the 
tissues on the amines is rat liver>guinea-pig kidney>rat brain. Rat kidney 
has relatively little activity. 

3. The presence of cyanide does not affect the activity of the amine oxidase. 
In presence of cyanide, 1 atom of oxygen is taken up for each mol. of indol- 
ethylamine or tyramine consumed and 1 mol. of ammonia is liberated. 

4. Oxidation of indolethylamine by tissues is always accompanied by the 
formation of a melanin-like pigment. In presence of cyanide, although oxidation 
of the amine and deamination take place, pigment formation is greatly reduced. 
It appears therefore that indolethylamine is attacked by a cyanide-resistant 
mechanism (amine oxidase) and a cyanide-sensitive system resulting in pigment 
formation. 

5. Arsenite (7/1000) does not inhibit the activity of amine oxidase, nor does 
it inhibit appreciably pigment formation from indolethylamine. 

6. Well washed liver extracts oxidize butylamine, isoamylamine, tyramine 
and indolethylamine. Dialysis of the extract has no apparent diminishing effect 
on its activity. 

7. From the products of oxidation of isoamylamine by liver extract iso- 
valeraldehyde has been isolated as the dinitrophenylhydrazone (79% yield) 
and identified. 

8. Analyses of the aldehyde, ammonia and volatile acid formed during the 
oxidation of isoamylamine and butylamine by liver extracts show that the 
following reactions take place during the oxidation of the amines: 


R.CH,NH, +0 =R.CHO + NH, 
2R.CHO=R.COOH +R.CH,OH. 


9. Hydrogen peroxide is formed during amine oxidation by liver extracts as 
shown by coupled oxidation of ethyl alcohol in presence of the amine. Alcohol 
does not, however, double the oxygen uptake in presence of indolethylamine. 

10. When indolethylamine is oxidized by a liver extract, there is an uptake 
of between 3 and 4 atoms of oxygen for each mol. of ammonia produced. It is 
concluded that the extra oxygen uptake, above that required for the aldehyde 
formation, is concerned with the pigment formation. 
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11. Experiments carried out with mixtures of amines show that a common 
amine oxidase system is concerned with the oxidation of the higher aliphatic 
amines, tyramine, B-phenylethylamine and indolethylamine. It is proposed to 
term the enzyme amine oxidase, this being identical with tyramine oxidase. 


We wish to express our indebtedness to the Medical Research Council for a 
whole-time grant to one of us (C. E. M. P.) and for a grant in aid of the equipment 


of this laboratory. 
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By estimating the amounts of vitamins C and B, excreted in the urine, it has 
been possible to obtain an estimate as to the nutritional condition of a human 
being with regard to these vitamins [Harris & Ray, 1935; Abbasy ef al. 1935; 
Harris & Leong, 1936]. 

In recent years work has been done by several investigators, including 
Helmer [1935] and Roscoe [1936], to determine the amount of the vitamin B, 
complex secreted in human urine. 

Helmer [1935] estimated the amount of vitamin B, in the urine of three normal persons and 
of one patient suffering from pellagra. He found appreciable amounts of the vitamin in the 
normal urines but none in the urine of the pellagra patient. 

Roscoe [1936] determined the excretion of vitamin B, in the urine of three normal subjects and 
of one case of alcoholic polyneuritis. She found appreciable amounts of the vitamin in all the 
urines. The amount excreted by the patient with alcoholic polyneuritis was similar to that 
excreted by the normal subjects. On administration of larger doses of vitamin B, the retention of 
the vitamin by the patient was, however, slightly greater than that of the normal controls. 


As in the cases of vitamins C and B,, if it is presumed that the rate of 
excretion in the urine is dependent on the amount already stored in the body, 
then by comparing the quantities of vitamin B, excreted in the same period by 
different individuals a relative measure of their reserves of the vitamin should be 
obtained. 

In patients with achlorhydria—a condition known to be not uncommon—a 
low urinary excretion of vitamins B, and C, indicating a low reserve has been 
observed (Private communication from Dr L. J. Harris). It was thought of 
interest to investigate whether in achlorhydric patients a corresponding deficiency 
of the vitamin B, complex existed. 


EXPERIMENTAL 


The urines of two adult patients at Addenbrooke’s Hospital, Cambridge, were 
examined and compared with those of three normal adults on ordinary diets. 

The first patient had achlorhydria and suffered from intermittent diarrhoea 
for several years. His symptoms had started while on active service in Meso- 
potamia more than 18 years ago. It was thought probable that the initial illness 
had been bacillary dysentery although his agglutination reactions were negative 
at the time of admission to the hospital. This patient had been found “below 
normal” in vitamin B, and low also in vitamin C. 

The second was a case of idiopathic hypochromic anaemia with complete 
achlorhydria. Reserves of both vitamins B, and C had been found to be low. 
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Measurements of vitamin B, were made by feeding rats kept on vitamin B,- 
free diet with suitable daily doses of the urines and determining their weight 
gains over a period of 5 weeks. 


Technique of assay 


The method adopted was, with slight modifications, the same as described 
by Roscoe [1936]. 

Young rats about 3 weeks old and weighing 35-40 g. were kept in separate 
cages. The diet consisted of: 


Sucrose hee ads oe 60% 
Casein i ‘cin sa 20% 
Arachis oil ... i si 15% 
Salt mixture ia ‘ 5% 


Cod liver oil (1 drop per rat daily) 


Care was taken to prevent coprophagy. 

The rats were weighed twice weekly. One week after being placed in separate 
cages, they were given doses of a solution containing vitamin B, as a daily 
supplement. The vitamin B, solution was prepared by diluting the contents of 
a 1 ml. ampoule (containing 500 1.U. vitamin B,) of “Benerva” (Hoffmann- 
La Roche) with water to 100 ml. 1 ml. of this aqueous solution, containing 51.0v., 
was given to each rat daily. 

Ten days after the first administration of the vitamin B,, when the weights 
of the rats had remained constant on two consecutive biweekly weighings, doses 
of urine or autoclaved “marmite” were given to them daily.! 


The urine was collected for a period of 24 hr. in a large, dark-coloured bottle containing 
150 ml. alcohol and 5 ml. hydrochloric acid. Three 24 hr. collections of urine were mixed together 
and concentrated by distillation in vacuo to a volume of 300 ml. Thus, a day’s output was roughly 
represented by 100 ml. The concentrated urine was made up to pH 4. 

The autoclaved “‘marmite” was prepared by heating a specimen of special “laboratory 
marmite” to 120° for l hr. at about pH 9 so as to destroy the heat-labile portion of the 
vitamin B complex. 1 ml. of the solution represented 0-5 g. of the original “‘marmite”’. 


The urine was measured out with a pipette on to a small dish and mixed with 
sugar. The daily dose of vitamin B, was also added to the contents of the dish 
to make it more acceptable. The rats refused to take more than | ml. of the 
concentrated urine of the two patients, representing 1/100th of the day’s output. 
With normal urine the rats could be persuaded to take 2 ml. or more of the 
concentrated urine. The ‘“‘marmite” given to some of the rats was also measured 
out each day on small dishes and given separately. 

In Table I are shown the total gains in weight in 5 weeks of rats fed on 
different samples of urine and on graded doses of autoclaved “‘marmite”’. 

In Fig. 1 are represented the average weekly gains in weight of rats on: 
(a) normal urine, (b) urine from a patient suffering from achlorhydria, (c) auto- 
claved ‘‘marmite’’, (d) unsupplemented vitamin B,-free diet. 


1 Experience gained in this work indicates that the experiments should be carried out with 
young rats and the feeding of the vitamin B,-containing materials should be started shortly after 
the rats have ceased growing. With a batch of six rats which were on the vitamin B,-free diet 
for 6 weeks after they ceased to grow, a much lower gain in weight was obtained with supplements 
of 0-4 ml. autoclaved “marmite” daily for 5 weeks, as compared with the weight gain observed 
with rats which had been only a little over 2 weeks on the deficient diet. 
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Table I. Total gain in weight in g. of rats in 5 weeks 


Three days’ output of urine concentrated to 300 ml., so that 1 ml. was equivalent to 1/100th 
of an average day’s excretion 


0-5 ml. urine daily 


1 ml. urine daily 


Achlorhydric patients Av. Av. 
A 0 2) 
2}1 Oo; 1 
One rat died after 32 days 
B 


Normal subjects 


Oww ow 
—_—— —S—— eee 
~ ~~ 


bo Or GO 





(1) 26 36 
19} 21 43 + 40 
18 41 j 
(2) 26 ) 38 
23 } 23 28 } 36 
19 j 42 
(3) 11 16 
7} 11 26}19 
14 14 
0-2 ml. daily 0-4 ml. daily 0-8 ml. daily 
Controls Av. Av. Av. 
Autoclaved “‘mar- 10 40 61 
mite” solution (0-5 15 11 40 | 40 54 ts 
ml. “marmite” 9 49 
made up to 1 ml. 
solution) 


It will be seen that whereas there was a distinct gain in the weight of the 
rats fed on urines from normal individuals, there was no appreciable gain of 
weight in the rats fed on urines of the two patients with achlorhydria. A 
significant gain in weight was also observed with rats fed on autoclaved “mar- 
mite”, even when the daily dose was only equivalent to 0-2 g. 

The gains in weight were not strictly proportional to the quantities of the 
different samples which were administered. Also, with one of the three samples of 
urine from the normal individuals there was a definitely lower response in growth 
of the rats, as compared with the other two. This might, perhaps, have been 
partly due to the fact that the feeding of urine was commenced in this case when 
the rats had already been on the vitamin B,-free diet for over 5 weeks instead of 
just over 2 weeks, as in the other experiments. But notwithstanding these 
minor discrepancies the growth responses of the rats with normal urine were, as 
a whole, in sharp contrast to those obtained with the urines of the two patients. 
This indicates that the urines of the two patients with achlorhydria contain far 
less vitamin B, than did those of the normal individuals. 

Comparing the growth of the group of rats fed on the urines of the two 
patients with the growth of a batch of 12 control rats on vitamin B,-free diet, it 
is apparent that the rats fed on the urines fared better. Out of the 12 control rats 
3 were dead before the end of 5 weeks; and many of the others showed distinct 
loss of weight. Amongst rats fed on the urines of the two patients, there was 
only one death. The others appeared to be in better condition than the control 
rats at the end of the experiment. This indicates that although the two urines 
contained too little vitamin B, to help materially the growth of the rats, there 
was none the less a small amount of the vitamin complex (or perhaps one of the 
constituents of the complex) present. 


eens 
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Obviously, more cases will have to be investigated before it can be stated 
that the achlorhydric condition is causally related with the vitamin B, deficiency, 
but the experiments show that, at least in the two cases examined, a relative 
deficiency of vitamin B, complex existed, together with other vitamin 
deficiencies. 

60 


Average gain in weight, g. 


atient A, 0-5 
P. ? M1. uring 


— —e rere sasesnee 
me Patient A, I ml. urine 8 





Time in weeks 


Fig. 1. o=Daily doses of urine of patient A. a= Daily doses of urine of normal individual (1). 
e= Daily doses of autoclaved “marmite”. o—=Negative controls on vitamin B,-free diet. 


It appears also that the rat-growth method of determining the vitamin B, 
content of urine is suitable for comparing different samples of urine, and for 
judging whether a particular specimen is rich or poor in the vitamin. The 
results gained, however, suggest that unless the method can be made much 
more refined it is not sensitive enough for ascertaining quantitatively the actual 


vitamin content of urine. 
SUMMARY 


The vitamin B, complex in the urines of three normal individuals and 
of two patients with achlorhydria has been estimated by the rat-growth 


method. 
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The growth responses resulting from the feeding of urine have been com- 
pared with the effects of graded doses of autoclaved “‘marmite’’. 

With the same daily doses, a much larger growth response was obtained with 
the urines of the normal individuals than with the urines of the two patients. 

It is concluded that the two achlorhydric patients were deficient in vitamin B, 
complex. 


I am indebted to Dr L. J. Harris for his kind interest and advice and to 
Dr J. F. Brock for access to these cases. My best thanks are also due to Mr 8. G. 
Impey for taking care of the experimental animals. 
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THe Embden-Meyerhof scheme of muscle glycolysis involves three oxido- 
reductions: (1) the dismutation of triosephosphate, (2) the oxidation of «- 
glycerophosphate by pyruvate and (3) the oxidation of triosephosphate by 
pyruvate. Many workers have confirmed that these oxidoreductions are cata- 
lysed by extracts of skeletal muscle. But the question of the nature of the 
enzymes and mechanisms involved in these reactions has received only scanty 
consideration. Euler et al. [1936] and Meyerhof & Ohlmeyer [1936] indepen- 
dently demonstrated that the presence of coenzyme I is necessary for the oxido- 
reductions to take place. Euler et al. presented spectroscopic evidence that the 
coenzyme functions in these reactions by undergoing a cycle of reduction by 
triosephosphate or «-glycerophosphate and of oxidation by pyruvate. 

Woods & Green [quoted by Green, 1936] failed to detect the presence of 
dehydrogenase systems in actively glycolysing muscle extracts. The tests applied 
for the presence of triosephosphate, lactate and «-glycerophosphate dehydro- 
genases were: (1) reduction of methylene blue by the various substrates, and 
(2) reaction with molecular oxygen in presence of carriers. These negative findings 
presented a paradoxical situation. On the one hand, the evidence was complete 
that triosephosphate and «-glycerophosphate could be dehydrogenated to phos- 
phoglycerate and that pyruvate could be hydrogenated to lactate. On the other 
hand, no evidence was forthcoming that the usual type of dehydrogenase system 
was responsible for these oxidoreductions. 

The recent brilliant analysis by Dixon & Lutwak-Mann [1937] of the enzymic 
dismutation of aldehydes has brought to light the fact that two distinct types of 
enzyme exist which are capable of catalysing the oxidation of aldehydes. The 
aldehyde mutase of Parnas for example catalyses the dismutation of aldehydes 
to the corresponding alcohols and acids. Coenzyme I is an indispensable com- 
ponent of the oxidation system. Now although the mutase catalyses either the 
reduction of aldehyde to alcohol or the oxidation of aldehyde to acid, it fails 
to behave as either a typical alcohol or aldehyde dehydrogenase. That is to say, 
the mutase catalyses the oxidation of aldehyde by another molecule of aldehyde 
but apparently not by methylene blue, flavin, flavoprotein etc. The same holds 
true for the reduction of aldehyde to alcohol (actually the test is made for the 
reverse process). Dixon & Lutwak-Mann picture the aldehyde mutase as an 
enzyme with two active centres in close juxtaposition—the liaison agent being 
the coenzyme which is reduced at the one centre and oxidized at the other. 

It was at once clear from this study of Dixon & Lutwak-Mann that enzymes 
of a type similar to the aldehyde mutase of liver must be responsible for the 
oxidoreductions observed in muscle extracts. In this communication the pro- 
perties of three distinct mutases will be described, viz. the triosephosphate, 

1 Beit Memorial Research Fellow. 
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triose and «-glycerophosphate mutases. They are all found in extracts of the 
skeletal muscle of rabbit. 

The triosephosphate mutase catalyses the dismutation of triosephosphate to 
phosphoglycerate and «-glycerophosphate. This reaction does not proceed in 
absence of coenzyme I. In addition to this dismutation, the mutase catalyses 
the oxidation of triosephosphate by a whole series of «-ketonic acids, e.g. 
pyruvate, oxaloacetate, «-ketobutyrate and mesoxalate. For each molecule of 
triosephosphate oxidized to phosphoglycerate, 1 mol of ketonic acid is reduced ‘ 
to the corresponding hydroxy-acid. The aldehyde mutase of liver similarly 
catalyses not only the dismutation of aldehyde but also the oxidation of alde- 
hydes by «-ketonic acids. 

The triose mutase differs from the triosephosphate or aldehyde mutase in 
that it more slowly catalyses the dismutation of triose but rapidly catalyses the 
oxidation of triose by «-ketonic acids. Finally, the «-glycerophosphate mutase 
catalyses only the oxidation of the substrate by «-ketonic acids. No dismutation 
is possible. 

Thus all the known mutases may or may not catalyse the dismutation of 
their respective substrates. The main property in common is that of utilizing 
«-ketonic acids as the oxidizing agent for the substance. Two other important 
similarities of these mutases are (1) the dependence upon coenzyme I and 
(2) the extreme sensitivity to low concentrations of iodoacetic acid. It is inter- 
esting to note that mutases are unique among oxidizing enzymes in their 
sensitivity to iodoacetic acid. 

The reactions which have been considered in the present communication are 
the following: 


(1) Triosephosphate + triosephosphate —> phosphoglycerate + «-glycerophosphate 





pyruvate | lactate 
2 aes eagle ae oxaloacetate —__ . naratea J malate 
(2) Triosephosphate a-ketobutyrate > phosphoglycerate + | zhydroxybutyrate 
\mesoxalate tartronate 
B-indolepyruvate B-indolelactate 
pyruvate lactate 
(3) §Glyceraldehyde |, J} oxaloacetate ___. Jglycerate malate 
: (Glycollic aldehyde " | «-ketotsohexanoate * \glycollate ~ | «-hydroxyisohexanoate 
p-hydroxyphenylpyruvate p-hydroxyphenyllactate 
a-ketobutyrate a-hydroxy butyrate 
‘pyruvate ‘lactate 
oxaloacetate malate 
(4) Acetaldehyde + ~ «-ketoglutarate —— acetic acid + < «-hydroxyglutarate 
mesoxalate tartronate 
«-ketobutyrate «-hydroxy butyrate 
i pyruvate lactate 
oxaloacetate | malate 
x awe hata. | #-ketoisohexanoate nt, , | &-hydroxyisohexanoate 
(5) «-Glycerophosphate + | p-hydroxyphenylpyruvate ~~ phosphoglycerate + | p-hydroxyphenyllactate 
a-ketobutyrate | «-hydroxy butyrate 
B-indolepyruvate B-indolelactate 
; (aa cyanide | bce sae 5 ; 
(6) 4 Malate + phosphoglycerate ——> + oxaloacetate + triosephosphate 


{ a-Hydroxy butyrate a-ketobutyrate 
{ «-ketobutyrate 
) B-Hydroxybutyrate+ 4 p-hydroxyphenylpyruvate —— acetoacetate + 
mesoxalate 


p-hydroxyphenyllactate 
tartronate 


~ 
~I 


{mhydrosypeny 


Reactions of groups (1)—(6) are all catalysed by mutases. The reactions of 
group (7) require the 8-hydroxybutyric dehydrogenase in addition to the mutase. 








DISMUTATIONS AND OXIDOREDUCTIONS 2329 


I. Preparation of the enzymes 


The triose, triosephosphate and «-glycerophosphate mutases are best pre- 
pared from the skeletal muscles of rabbit. The muscles of a freshly killed animal 
are cooled by packing with ice and thoroughly minced. The mince is mixed with 
2 vol. of iced water and allowed to stand for ca. 30 min. The mixture is squeezed 
through muslin. 2 vol. of cold acetone are then added to the filtrate. The 
precipitate is filtered immediately on Biichner funnels with suction and then 
washed with acetone and ether. If the washings are effected before the cake of 
precipitate has cracked, 1 is possible to pulverize the precipitate in a mortar 
and dry it within an hour in vacuo over liquid paraffin. The dried acetone powder 
(10 g.) is rubbed up with water (120 ml.) until a homogeneous paste is formed. 
The mixture is then dialysed for 15 hr. at 0° in cellophane sacs. The large amount 
of insoluble material is centrifuged off and discarded. The clear supernatant fluid 
contains the active enzymes. The activity is maintained for at least 10 days if the 
enzyme solution is kept at 0°. The enzymes are best kept in the form of the dry 
powder. The same method of preparation is applicable to tissues other than 
skeletal muscle. The aldehyde mutase can be similarly prepared from liver. 


Il. Methods of estimation 


Since practically all the reactions catalysed by these mutases involve either 
the production or disappearance of acid, the course of these reactions was 
followed manometrically by measuring the production or disappearance of CQ,. 
The enzyme solutions were mixed with bicarbonate and equilibrated with a 
mixture of 95% N, and 5% CO,. The reactions were carried out at 38°. The 
retention of CO, by the proteins of the enzyme solution introduced a very small 
correction (less than 5%) and this was ignored. 

To determine whether the increase in CO, pressure was due to acid formation 
or the actual production of CO,, the following two methods were used with the 
Barcroft differential manometer. Both cups were filled with enzyme, coenzyme 
and bicarbonate solution, but the reactants were added only to one cup. The 
reaction was allowed to proceed to completion and the increase in CO, pressure 
determined. Strong acid was then introduced simultaneously into the two cups. 
If acid were produced, the manometric reading returned to the zero reading, 
whereas if CO, were produced, the manometric reading was unchanged. Another 
method involved opening the taps after the increase in CO, pressure had been 
recorded and allowing the manometric fluid to return to the zero reading. The 
taps were then closed and strong acid was introduced into both cups. If CO, 
were formed the manometric fluid remained stationary, whereas if acid were 
formed the manometric reading coincided with the reading at the end of the 
reaction (the sign of course being opposite). 

Lactic acid was estimated by the method of Friedemann & Graeser [1933], and 
in cases in which the stereochemical form of lactic acid had to be ascertained, by 
the enzymic method of Dewan & Green [1937]. Malic acid was determined either 
polarimetrically by the uranium acetate method of Dakin [1924] or by oxidation 
with KMnO, and estimation as acetaldehyde. Rapoport’s [1937] naphthore- 
sorcinol method for estimation of glyceric acid was found to be very satisfactory. 
Inorganic phosphate was determined by the method of Fiske & Subbarow [1925]. 
a-Glycerophosphate was estimated manometrically with the use of the specific 
dehydrogenase from rabbit muscle [cf. Green, 1936]. The details of similar 
procedures are described by Dewan & Green [1937]. 
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III. Oxidation of triosephosphate by pyruvate 


A solution of muscle mutase in presence of hexosediphosphate and bicar- 
bonate produces a large amount of CO,. This production is only slightly increased 
by addition of pyruvate or coenzyme I (cf. Table I). It is not hexosediphosphate 


Table I. The effect of coenzyme and pyruvate on the CO, 
production from hexosediphosphate 


The amounts of reagents were: 1 ml. enzyme, 1 ml. 0-15% coenzyme I, 0-4 ml. M/10 hexosedi- 
phosphate, 0-1 ml. M pyruvate and 0-4 ml. M/2 NaHCO,. The total volume was 4-0 ml. The 
hexosediphosphate was introduced from a Keilin cup after temperature equilibration. 


pl. CO, in 
10 min. 
Mutase + hexosediphosphate 200 
Mutase + hexosediphosphate + pyruvate 264 
Mutase + hexosediphosphate + pyruvate + coenzyme 330 
As above without mutase 0 
Mutase + coenzyme—no substrate 30 


as such which is oxidized. Meyerhof & Lohmann [1934] have shown clearly that 
there is present in muscle extracts an enzyme, zymohexase, which catalyses the 


wencinem hexosediphosphate —— 2 triosephosphate. 


It is preferable to use hexosediphosphate as an instantaneous source of triose- 
phosphate since the latter is extremely unstable. 

In presence of M/100 fluoride, CO, production from hexosediphosphate is 
reduced considerably. But addition of pyruvate restores the CO, production 
practically to the level in absence of fluoride (cf. Table II). It is well known that 


Table II. The effect of pyruvate on the CO, production from 
hexosediphosphate in presence of NaF 


Details as in Table I 


pl. CO, in 
15 min. 
Mutase + M/40 NaF + coenzyme 20 
Mutase + NaF + coenzyme + hexosediphosphate 96 
Mutase + NaF + coenzyme + hexosediphosphate + pyruvate 363 
Mutase + coenzyme + hexosediphosphate + pyruvate 400 
Mutase + NaF + coenzyme + pyruvate 20 


hexosediphosphate gives rise to pyruvic acid via phosphoglyceric acid. This 
reaction is inhibited by fluoride. The action of pyruvic acid as an oxidant for 
triosephosphate therefore can only be demonstrated when the production of 
pyruvic acid is inhibited by fluoride. The residual CO, production by hexosedi- 
phosphate in presence of fluoride is due to the dismutation of triosephosphate 
(cf. § V). 

~ The participation of a coenzyme in the oxidation of triosephosphate by 
pyruvate can easily be demonstrated with a mutase solution which has been 
treated several times with charcoal. On addition of coenzyme I, a fivefold 
increase in CO, production from hexosediphosphate and pyruvate takes place: 


pl. CO, in 10 min. 


Mutase (charcoal-treated) + hexosediphosphate + pyruvate 55 
As above with 1 ml. 0-15% coenzyme I 298 
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Charcoal removes from the mutase solutions traces of coenzyme which defy 
dialysis. There is evidence that the residual coenzyme is combined with protein. 
Although the amount of this residual coenzyme is very small indeed, it is 
sufficient to allow the triosephosphate mutase to work almost at maximum 
velocity. 

From equation (8), 

(8) Triosephosphate + pyruvate ——> phosphoglycerate + lactate 


we should expect that for every mol of CO, produced from bicarbonate, there 
should be 1 mol of lactate and 1 mol of phosphoglycerate. Table ITI is a summary 


Table III. Oxidation of triosephosphate by pyruvate 
Lactic acid was estimated as acetaldehyde by the method of Friedemann & Graeser [1933]; 


phosphoglyceric acid as difficultly hydrolysable phosphate. 
Observed Theory % theory 


Manometric CO, (yl. ) 249 264 94 
Lactic acid formed (expressed as pl. CO,) 227 264 86 
Phosphoglyceric acid formed (expressed as pl. CO,) 233 264 88 


of the quantitative relations. The source of CO, is the oxidation of triose- 
phosphate to the corresponding acid. The reduction of pyruvate to lactate 
involves no change in acidic groups. Control experiments have shown that the 
CO, evolution is due to the production of acid and not to CO, as such. 


Theory for complete 
oxidation 


Theory for complete 
oxidation 


pl. CO, 


no 





Time in min. 


Fig. 1. CO, equivalence for oxidation of triosephosphate by pyruvate. 
Each manometer contained 1 ml. enzyme, 0-5 ml. 0-15% coenzyme I, 0-1 ml. M pyruvate 
and 0-4 ml. M/2 NaHCO,. 1 ml. of the hexosediphosphate solution was equivalent to 528 wl. 


CO,. 
Fig. 1 shows the time-velocity relations for the production of CO, from small 
quantities of hexosediphosphate. The rate of reaction between hexosediphosphate 
(i.e. triosephosphate) and pyruvate is only slightly dependent on the concen- 


tration of hexosediphosphate (cf. Table IV). Another point of interest in con- 
nexion with the kinetics is that the reaction proceeds with the same velocity in 
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a mixture of 95% O, and 5% CO, as in the usual mixture of 95% N, and 
5% CO,. 
Table IV. Effect of the concentration of hexosediphosphate 
on the rate of CO, production 


The mutase system contained 1 ml. enzyme and 1 ml. 0-15% coenzyme. The amount of 


pyruvate added was 0-1 ml. of M solution. pl. CO, in 
5 min. 
Mutase system + pyruvate 6 
Mutase system +0-05 ml. M/10 hexosediphosphate 100 
Mutase system + 0-1 ml. M/10 hexosediphosphate 128 
Mutase system +0-2 ml. M/10 hexosediphosphate 148 
Mutase system +0-3 ml. M/10 hexosediphosphate 172 


IV. Oxidation of triosephosphate by oxaloacetate 


A mixture of mutase, hexosediphosphate, coenzyme and fluoride hardly 
produces any CO,. Addition of oxaloacetate leads to a vigorous evolution: 


pl. CO, in 15 min. 


Mutase + NaF + coenzyme + hexosediphosphate 25 
As above with oxaloacetate (5 mg.) 208 
Mutase + oxaloacetate 5 
Oxaloacetate with no mutase 0 


Although under certain conditions oxaloacetate is known to be unstable 
yielding pyruvate and CO,, control experiments with the enzyme and oxalo- 
acetate alone failed to show any demonstrable production of CO,. Furthermore, 
the CO, produced by the complete system was found to be due entirely to acid 
formation. From equation (9), 


(9) Triosephosphate + oxaloacetate ——> phosphoglycerate + malate, 
we should expect that for each mol of CO, liberated from bicarbonate, there 


should be 1 mol of malate and 1 mol of phosphoglycerate. Table V shows that 
the results of the various quantitative estimations agree reasonably well with 


theory. 
Table V. Oxidation of triosephosphate by oxaloacetate 


Malic acid was estimated as acetaldehyde by the method of Friedemann & Graeser [1933]. 


1 mg. of lactic acid is equivalent to 3-26 mg. malic acid. 
So 5 


Observed Theory % theory 
Manometric CO, (l.) 1300 1320 98 
CO, produced from bicarbonate, i.e. due to acid 1400 1320 106 
formation (pl.) 
Malic acid formed (expressed as pl. CO,) 1267 1320 96 
Phosphoglyceric acid formed (expressed as pl. CO.) 1148 1320 87 


Malic acid was estimated in three ways: (1) by oxidation with permanganate 
as for lactic acid (using another conversion factor however), (2) polarimetrically 
by the uranium acetate method, and (3) manometrically by the enzymic method. 
Methods (1) and (3) yielded results in good agreement with the manometric 
CO,. The results obtained by method (2) were consistently low (ca. 60°% of the 
theory). Since this method is the only one of the three which distinguishes 
between lactic and malic acid, it was of importance to ascertain the cause of the 
discrepancy. First, we found that known amounts of /-malic acid added to the 
trichloroacetic acid filtrate of the enzyme solution showed a rotation only 75% 
of the theory. There is apparently some substance present in the deproteinized 
solution which interferes with the estimation of malic acid. Secondly, we 
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observed that the natural phosphoglyceric acid in presence of uranium acetate 
showed a very high rotation opposite in sign to that of l-malic acid ([{x]p ca. 
150°). Since the optically active d-phosphoglyceric acid was present with /-malic 
acid in equimolecular proportions after the reaction had terminated, the low 
polarimetric results for the malic acid estimation were considered to be due in 
part to this complication. By adjustment of the pH it was found possible to 
reduce this interfering action of phosphoglyceric acid. In 5% acetic acid solu- 
tion, malic acid easily formed the uranium complex whereas phosphoglyceric 
acid did not. The optimum condition for the latter is at neutrality. But even 
after reducing the interfering action of phosphoglyceric acid, the observed 
rotations were still 25°% lower than the theoretical values calculated from the 
manometric data. 

Szent-Gyérgyi [1936] and his co-workers have already shown that triose- 
phosphate rapidly reacts with oxaloacetate in minced tissue. Recently, Parnas & 
Szankowski [1937] have confirmed that this reaction takes place in frog muscle 
brei. 

V. Dismutation of triosephosphate 


By suppressing the production of pyruvic acid from phosphoglyceric acid by 
means of NaF, it is possible to study the dismutation of triosephosphate to 
d-glycerophosphate and phosphoglycerate. This dismutation is almost completely 
inhibited by the presence of any of the «-ketonic acids which can act as hydrogen 
acceptors. In other words, triosephosphate as oxidant cannot compete with 
oxidants such as pyruvate, oxaloacetate etc. The rate of the dismutation is 
only about a fifth of the rate when pyruvate acts as the oxidant. 

From equation (10), there should be formed, 


(10) 2 triosephosphate ——> «-glycerophosphate and phosphoglycerate, 


1 mol of «-glycerophosphate and phosphoglycerate for each mol of CO, liberated 
from bicarbonate. Table VI is a summary of the quantitative relations. Both 


Table VI. The dismutation of triosephosphate 


The estimation of «-glycerophosphate was carried out with the use of the specific enzyme which 
oxidizes only the (—) form [ef. Green, 1936]. The deproteinized extract to be estimated was 
treated in succession with strong alkali and acid to destroy the coenzyme, neutralized and concen- 
trated to a small bulk. The oxygen uptake in presence of the enzyme was then determined. Each 
mol of «-glycerophosphate is equivalent to 1 atom of oxygen. The observed uptake is corrected 


for the small enzyme blank. Observed Theory °% theory 
Manometric CO, (yl.) 248 264 94 
Total difficultly hydrolysable phosphate 559 528 106 
(expressed as pl. CO.) ; 
a-Glycerophosphate (expressed as pl. CO.) 268 264 102 


a-glycerophosphate and phosphoglycerate have difficultly hydrolysable phos- 
phate groups. The difference between the total difficultly hydrolysable phosphate 
and the phosphate equivalent to «-glycerophosphate which can be determined 
independently represents the phosphate equivalent to phosphoglycerate. Fig. 2 
shows the time-velocity curve for the production of CO, during the dismutation 
of triosephosphate. 

The enzymic method which was used to estimate «-glycerophosphate is 
applicable only to the laevorotatory form. Since the theoretical amount of 
a-glycerophosphate was found by this method, it is clear that only the (—) form 
is produced in the dismutation. Recently, Fischer & Baer [1937] have pointed 
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out that (—)-«-glycerophosphate gives rise on oxidation to the non-natural 


phosphoglycerate. Thus we are left with the dilemma that «-glycerophosphate on 
oxidation to phosphoglycerate changes from the I- to the d-stereochemical series. 


oxidation 


no substrate 





% 10 20 30 
Time in min. 
Fig. 2. CO, equivalence for the dismutation of triosephosphate. 


Each manometer contained 1 ml. enzyme, 0-5 ml. 0-15% coenzyme I, 0-4ml. M/2 
NaHCO, and 0-1 ml. M NaF. 1 ml. of the hexosediphosphate solution was equivalent to 
1320 yl. CO,. 


VI. Oxidation of «-glycerophosphate by pyruvate 


The triosephosphate mutase catalyses both the dismutation of triosephosphate 
and its oxidation by pyruvate and oxaloacetate. This mutase is distinct from 
the mutase which activates «-glycerophosphate. Euler et al. [1937] have already 
shown that the «-glycerophosphate mutase is fairly widely distributed in animal 
tissues and that it depends upon the collaboration of coenzyme I. They con- 
sidered the enzyme from a different point of view, particularly with respect to 
the equilibrium between the substrate and coenzyme. The «-glycerophosphate 
dehydrogenase of the cytochrome class [cf. Green, 1936] is not identical with 
the mutase which attacks the same substrate. 


The muscle mutase solution in presence of «-glycerophosphate and coenzyme I , 


does not produce CO, from bicarbonate. On addition of pyruvate, evolution of 
CO, takes place (cf. Table VII). This reaction is very much slower than the 
corresponding one between triosephosphate and pyruvate. The «-glycerophos- 
phate mutase is rather fragile and many of our muscle preparations failed to 


Table VII. Oxidation of «-glycerophosphate by pyruvate 


The quantities used were 1 ml. enzyme, 1 ml. 0-15% coenzyme, 0-1 ml. M pyruvate and 


0-1 ml. M «-glycerophosphate. pl. CO, in 
15 min. 
Mutase + «-glycerophosphate + coenzyme 15 
Mutase + «-glycerophosphate + pyruvate 35 
Mutase + «-glycerophosphate + coenzyme + pyruvate 208 


Mutase + coenzyme + pyruvate 15 





_~ 
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show any activity. The rate of oxidation of «-glycerophosphate by pyruvate 
depends upon the concentration of coenzyme I. 
If the reaction proceeds as in equations (11) and (12), 


(11) «-Glycerophosphate + pyruvate ——> triosephosphate + lactate, 
(12) Triosephosphate + pyruvate ——> phosphoglycerate + lactate, 


we should expect 2 mols of lactate and 1 mol of phosphoglycerate for each mol 
of CO, produced from bicarbonate. The «-glycerophosphate mutase presumably 
catalyses only reaction (9) whereas (10) is catalysed by the triosephosphate 
mutase. Since no way was known to us of resolving the two mutases, it was 
necessary to study the two consecutive reactions. The source of CO, is the 
oxidation of triosephosphate to phosphoglycerate. Table VIII is a summary of 


Table VIII. Ozxidation of «-glycerophosphate by pyruvate 


The dl-form of «-glycerophosphate was used. Hence half the total difficultly hydrolysable 
phosphate represents the phosphate of phosphoglycerate. This assumption is valid since the 
whole of the ( —) «-glycerophosphate was oxidized in this experiment as shown by the theoretical 


CO, production. 
Observed Theory % theory 


Manometric CO, (yl.) 217 224 97 

Difficultly hydrolysable phosphate formed 244 224 109 
(expressed as pl. CO,) 

Lactic acid formed (expressed as pl. CO,) 475 448 106 


Theory for complete 
oxidation of 1 isomeride 


Theory for complete 
oxidation of | isomeride 





0 10 20 30 40 50 
Time in min. 
Fig. 3. CO, equivalence for the oxidation of «-glycerophosphate by pyruvate. 
Each manometer contained 2 ml. enzyme, 0-5 ml. coenzyme, 0-4 ml. M/2 NaHCO, and 


0-1 ml. M/2 NaHCO,. The total volume was 4 ml. The theoretical CO, production is calcu- 
lated on the basis that only one isomeride is attacked. 


the quantitative estimations. The «-glycerophosphate used was the racemic form. 
As shown in the curves of Fig. 3, only one isomeride is attacked, viz. the (—) 
enantiomorph. 
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Oxaloacetate reacts with «-glycerophosphate as rapidly as pyruvate: 


pl. CO, in 
30 min. 
Mutase + coenzyme + «-glycerophosphate 30 
Mutase + pyruvate 228 
Mutase + oxaloacetate 252 


VIL. Triose mutase 


The muscle mutase solution in presence of dl-glyceraldehyde (Kahlbaum) 
produces no CO, from bicarbonate. On addition of coenzyme I a slow but 
steady evolution of CO, ensues. On further addition of pyruvate, the evolution 
becomes extremely rapid—in fact as fast as for the reaction between triose- 
phosphate and pyruvate (cf. Table IX). The slow reaction in absence of pyruvate 


Table IX. Oxidation of glyceraldehyde by pyruvate 


The quantities used per manometer were 2 ml. mutase, 1 ml. 0-15% coenzyme I, 0-1 ml. M 


d-glyceraldehyde and 0-1 ml. M pyruvate. pl: 00, in 
5 min. 
Mutase + coenzyme 18 
Mutase + coenzyme + glyceraldehyde 60 
Mutase + coenzyme + glyceraldehyde + pyruvate 360 
Mutase + glyceraldehyde + pyruvate 10 
Glyceraldehyde + pyruvate 0 


is probably due to the dismutation of glyceraldehyde to the corresponding alcohol 
and acid. 

Assuming that glyceraldehyde reacts with pyruvate according to equation 
(13), 


(13) Glyceraldehyde + pyruvate ——> glycerate + lactate, 


we should expect 1 mol of glycerate and 1 mol of lactate to be produced for each 
mol of CO,. Table X shows that the quantitative estimations are in complete 


Table X. Oxidation of glyceraldehyde by pyruvate 


The glyceraldehyde tested was the dl-form. The theoretical CO, production is calculated on 
the assumption that only one isomeride is attacked. Glyceric acid was estimated by the method 
of Rapoport [1937]. 


Observed Theory % theory 
Manometric CO, (l.) 250 248 101 
Lactic acid (expressed as pl. CO,) 211 248 85 
Glyceric acid (expressed as pl. CO,) 240 248 97 


agreement with the predictions of equation (13). Glyceric acid was precipitated 
from the trichloroacetic acid filtrate of the reaction mixture by addition of basic 
lead acetate and two volumes of alcohol. After several hours at 0°, the pre- 
cipitate was centrifuged, washed with 60° alcohol and decomposed with H,S. 
Estimation of glyceric acid was then carried out by the method of Rapoport 
[1937]. When the enzymic reaction was inhibited with iodoacetic acid, the test 
for glyceric acid was negative. This and similar controls ruled out any possibility 
that the original reactants were being estimated as glyceric acid. Fig. 4 shows that 
only half the dl-glyceraldehyde is oxidized. This must mean that one isomeride 
is unattacked. Through the kindness of Prof. Fischer we were able to test a 
sample containing 80% d-glyceraldehyde and 20 % I-glyceraldehyde. The results 
indicated that the /-component was the one which was not attacked. 
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_The kinetics of the triose mutase are summarized in Figs. 5-8. The rate of 
oxidation of triose by pyruvate is proportional to the concentration of coenzyme 
I within the limit of the saturating concentration. It is interesting that the 


Theory for oxidation of 
1 isomeride 


Theory for oxidation of 
1 isomeride 





— Cee aaa 
0 10 20 30 40 50 
Time in min. 


Fig. 4. CO, equivalence for the oxidation of glyceraldehyde by pyruvate. 
Each manometer contained 1 ml. enzyme, 1 ml. coenzyme, 0-1 ml. M pyruvate and 
0-4 ml. M/2 NaHCO,. Total volume was 4 ml. 


endogenous coenzyme in the mutase solution, although sufficient to allow the 
triosephosphate-pyruvate reaction to take place at practically maximum 
velocity, is totally inadequate for the triose-pyruvate or the «-glycerophosphate- 
pyruvate reactions. It is possible, however, that the coenzyme is not present in 
an available form for these two mutases. The K,, of the mutase for the reducing 
substrate is ca. M/400 for the dl, i.e. M/800 for the d-form, and about the same 
value for the oxidizing substrate. The range of pH which can be covered with 
the use of bicarbonate buffer is limited from pH 6-6 to 8-1. The reaction is most 
rapid in the alkaline range and is relatively slow on the acid side of neutrality. 

Glyceraldehyde can be oxidized by oxaloacetate as readily as by pyruvate 
(cf. Table XI). Manometric analysis showed that all the CO, produced arose 


Table XI. Oxidation of glyceraldehyde by oxaloacetate 


Mutase system consisted of 1 ml. enzyme, 1 ml. 0-15% coenzyme and 0-4 ml. M/2 NaHCO. 
Other quantities were 0-4 ml. 1% dl-glyceraldehyde and 0-1 ml. M «-ketonic acid. 


pl. CO, in 
30 min. 
Mutase system + glyceraldehyde 91 
Mutase system + glyceraldehyde + oxaloacetate 300 
Mutase system + glyceraldehyde + pyruvate 312 
38 


Mutase system + oxaloacetate 


Oxaloacetate 0 


from bicarbonate as a result of acid formation. The spontaneous decomposition 
of oxaloacetic acid into pyruvic acid and CO, therefore could have played no 





180 


K,=0:0056M 


S 
qi 
6 
ei 
Ky = 0-023 mg. /ml.: S 
Allowing for state of purity of coenzyme K,, =M/30,000 oe 

“a 


pl. CO, in 5 min, 
& 


> 
i) 


30 













0 
0 0-1 0-2 0+3 0-4 0 0-005 0-01 0-015 0-02 
mg. crude coenzyme I/ml. Molarity of dl-glyceraldehyde 
Fig. 5. Fig. 6. 


5. Effect of the concentration of coenzyme I on the rate of oxidation of triose by pyruvate. 


Fig. 
Each manometer contained 1 ml. enzyme, 0-5 ml. 1% dl-glyceraldehyde, 0-1 ml. M 
pyruvate and 0-4 ml. M/2 NaHCO,. The total volume was 4 ml. 
Fig. 6. Effect of the concentration of dl-glyceraldehyde on the rate of reaction with pyruvate. 
Each manometer contained 1 ml. enzyme, 1 ml. coenzyme, 0-1 ml. M pyruvate and 


0-4 ml. M/2 NaHCO,. The total volume was 4 ml. 


180 300 
150 250 
3 . 200 
g 120 sg 
5 = 
~ S 
= 90 oo 
2 K,,= 0-002: “a 
5 m= 0:0023M S 
a o 
~~ 60 a 100 j 
30 50 
0 0 
0 0:005 0-010 0-015 0-020 0-025 66 6°9 7-2 75 7:8 8-1 
Molarity of pyruvate pH 
Fig. 8. 


Fig. 7. 
Effect of the concentration of pyruvate on the reaction with glyceraldehyde. 
Each manometer contained 1 ml. enzyme, 1 ml. coenzyme, 0-4 ml. 1% glyceraldehyde 
and 0-4 ml. M/2 NaHCO,. The total volume was 4 ml. 


Fig. 7. 


Fig. 8. The effect of pH on the rate of oxidation of triose by pyruvate. 
Each manometer contained 1 ml. enzyme, 0-5 ml. coenzyme, 0-4 ml. 1% dl-glyceraldehyde 
and 0-1 ml. M pyruvate. For details of bicarbonate concentrations necessary to attain the 
different pH values in contact with a gas space containing 5% CO,, cf. Woods [1936]. 


— 
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part in the CO, production. It is interesting to note the extraordinary stability 
of oxaloacetic acid in presence of bicarbonate and CQ,. 

We have been unable thus far to decide with certainty whether the slow 
production of CO, from glyceraldehyde in absence of «-ketonic acid was due to a 
dismutation or to oxidation by traces of ketonic acids which have defied dialysis. 
By analogy with other mutases, it is possible that the dismutation is not rapid 
but does in fact take place. 

The triose mutase attacks glycollic aldehyde though not as rapidly as triose. 
The aldehyde was prepared crystalline from dihydroxymalic acid by the method 
of Fischer & Taube [1927]. Table XII shows the dependence of the oxidation 


Table XII. Oxidation of glycollic aldehyde 


The quantities used were 1 ml. mutase, 0-5 ml. coenzyme, 0-1 ml. M glycollic aldehyde and 


0-1 ml. M pyruvate. 
pl. CO, in 15 min. 


Mutase + coenzyme 0 
Mutase + coenzyme + glycollic aldehyde 33 
Mutase + coenzyme + glycollic aldehyde + pyruvate 160 
As above without coenzyme 3 
Mutase + coenzyme + glycollic aldehyde + oxaloacetate 170 


upon the presence of the mutase, the coenzyme and pyruvate or oxaloacetate. 
There is an appreciable production of CO, in absence of «-ketonic acid which 
again is probably due to a dismutation. By analogy with the oxidation of triose, 
glycollic aldehyde is probably oxidized to the corresponding acid whereas the 
«-ketonic acids are reduced to the corresponding hydroxy-acids. 


VIII. The non-identity of the three mutases 
A study of the distribution of the three mutases in various animal tissues 
indicates that they are distinct enzymes (cf. Table XIII). The enzymes were 
Table XIII. Presence of mutases in acetone preparations from 
different tissues 


All the tissues except heart and brain were obtained from rabbit. The other two were obtained 
from ox. The dried acetone powders were ground with water in the proportions of 1:10; the 
mixture was dialysed overnight and centrifuged. 


Skeletal 
Lung Heart muscle Intestine Kidney Liver Brain 
a-Glycerophosphate 0 ++ ++++ 0 0 0 0 
Triose ++++ + ++++ + +++ t4+4+4+ 0 
Triosephosphate ++ H+t+ttt+ ++ett+ +++ ++ + ++t+ 


prepared from rabbit tissues by the same procedure as for the skeletal muscle 
enzymes. The results have bearing not so much on the presence or absence of the 
various mutases in the tissue as on the presence or absence of the mutases in 
the enzyme preparations. The «-glycerophosphate mutase was found only in 
the preparations from skeletal and cardiac muscle. The brain preparation showed 
considerable triosephosphate activity but no activity with glyceraldehyde. 
Similarly, the heart and intestine preparations were relatively weak in glycer- 
aldehyde activity compared with triosephosphate activity. Aldehyde mutase 
has been shown by Dixon & Lutwak-Mann [1937] to dismute glyceraldehyde. 
The high activity found for glyceraldehyde in the kidney and liver preparations 
is probably due to the aldehyde mutase and not to the triose mutase. These two 
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mutases can both attack glyceraldehyde. They differ in their action on alde- 
hydes. The aldehyde mutase attacks all aliphatic aldehydes, whereas the triose 
mutase attacks only glyceraldehyde, glycollic aldehyde and possibly erythrose. 
There is no activity shown towards aliphatic aldehydes by the mutase prepara- 
tion of skeletal muscle. 

In addition to the distribution study some experiments on the resolutions of 
the various mutases have been carried out. The activities of the three mutases 
were tested after the enzyme solution was subjected to a variety of treatments 
such as adsorption on kaolin, kieselguhr, charcoal etc. The activity ratios 
changed very considerably. Thus there can be little doubt that the three mutases 
are distinct. Similar experiments were carried out to ascertain whether the 
same enzyme catalyses the dismutation and oxidation of triosephosphate. The 
results were consistent with the view that only one enzyme is involved. 


IX. Specificity of substrates 


The three mutase systems were all able to utilize the following «-ketonic 
acids as acceptors: pyruvic, oxaloacetic, «-ketobutyric, p-hydroxyphenyl- 
pyruvic, «-ketoisohexanoic and f-indolepyruvic acids (cf. Table XIV). The triose- 
phosphate mutase, however, was negative with p-hydroxyphenylpyruvate and 


Table XIV. «-Ketonic acids as acceptors 
pl. CO, in 15 min. 


The various ketonic acids produced no CO, in absence of the reductant. 


p-Hydroxy- a-Keto- B-In- 
No Mes- phenyl- a-Keto- iso- dole- 
addition oxalate pyruvate butyrate hexanoate pyruvate 
Glyceraldehyde 31 40 93 140 93 95 
Glycollic aldehyde 31 — 90 124 80 90 
a-Gly cerophosphate 0 0 80 138 106 80 
Triosephosphate (+NaF) 160 230 145 200 os -— 


was in fact inhibited. Oxaloacetic acid was prepared by the method of Wohl & 
Oesterlin [1901], and «-ketobutyric by the method of Tschelinzeff & Schmidt 
[1929]. The amino-acid oxidase was used as a means of converting leucine and 
valine into the corresponding keto-acids. After the reaction had finished, the 
keto-acids were extracted from the deproteinized filtrates with ether and the 
ether extracts evaporated to a syrup. The keto-acids were then characterized by 
the 2:4-dinitrophenylhydrazones. We are grateful to Dr D. D. Woods for a gift 
of B-indolepyruvic acid and to Prof. D. Keilin and Dr Hartree for a gift of 
p-hydroxyphenylpyruvic acid. 

Dimethylpyruvate, acetopyruvate and «-ketoglutarate were the only «- 
ketonic acids tested which were inactive as acceptors. No f-ketonic acid was 
found to be active, e.g. acetoacetate. Dihydroxyacetone, acetone, fumarate, 
aldehyde and laevulic acid were negative. Braunstein & Vyshepan [1937] have 
already observed that methyl- and ethyl-pyruvate can replace pyruvate in the 
reaction with triosephosphate. They found, however, that phenylpyruvate was 
unsuitable. Mesoxalic acid shows some activity as a hydrogen acceptor with 
the three mutases of the muscle preparation but in no way comparable with the 
effect on the aldehyde mutase. From the point of view of velocity of oxidation, 
pyruvate and oxaloacetate come first, followed by «-ketobutyrate and p-hydroxy- 
phenylpyruvate. §-Indolepyruvate, ketoisohexanoate and mesoxalate are the 


slowest. 


a 


| 
| 
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Glyceraldehyde could be substituted by glycollic aldehyde and to a slight 
extent by erythrose (prepared by oxidation of erythritol by H,O, and ferrous 
sulphate following the method of Fenton & Jackson [1899]). Dihydroxyacetone, 
glycerol, arabinose, glucose, fructose, xylose and galactose were inactive as 
substrates. Simple aliphatic and aromatic aldehydes were not attacked by the 
triose mutase. 

X. Purification of the mutases 


The work on the purification and resolution of the three mutases is still 
continuing. The following procedures have been found to effect considerable 
purification. 

(1) The mutase solution is kept at 52° for 15 min. A large precipitate forms 
of inactive protein which is centrifuged off. The activity of the supernatant 
remains unchanged. 

(2) The mutase solution is acidified with acetic acid and allowed to stand 
for 15 min. The pH is brought back to neutral with addition of bicarbonate. A 
very bulky precipitate forms of inactive protein which can be centrifuged off. 
This procedure does not influence the triosephosphate mutase appreciably but 
partially inactivates the other two mutases. 

(3) Shaking the mutase solution with charcoal and centrifuging off the 
charcoal occasions little loss in activity and a fair amount of purification. 

Electrodialysis completely inactivates the mutases within about 5 hr. Re- 
precipitation with acetone also causes serious inactivation. Filtration through 
coarse filter-paper or high speed centrifuging has no effect on the activity of any 
of the mutases. 

XI. Inhibitors 


Iodoacetic acid in a concentration from 0-005 to 0-0005 M inhibits practically 
completely the reactions of all three mutases (cf. Tables XV and XVI). It is 
interesting that no other oxidizing enzymes of animal tissues are known to be 


Table XV. Effect of iodoacetic acid on the oxidation of 
glyceraldehyde by pyruvate 


The mutase system represents the mutase and coenzyme. The usual quantities were added. 


pl. CO, in 
10 min. 
Mutase system + glyceraldehyde + pyruvate 248 
Mutase system + M/100 iodoacetate 11 
Mutase system + M/1000 iodoacetate 16 
Mutase system + M/4000 iodoacetate 25 


Table XVI. Effect of iodoacetic acid on oxidation of «-glycerophosphate 
and hexosediphosphate by pyruvate 


pl. CO, in 
10 min. 
Mutase system + glycollic aldehyde + pyruvate 401 
Mutase system +.M/200 iodoacetate 44 
Mutase system + triosephosphate + pyruvate 198 
Mutase system + M/200 iodoacetate 16 
Mutase system + «-glycerophosphate + pyruvate 101 
Mutase system +.U/200 iodoacetate 12 


inhibited by low concentrations of iodoacetic acid except the aldehyde mutase of 
liver. None of the known dehydrogenase systems of animal tissues is appreciably 
influenced by this inhibitor. This sensitivity of mutases must involve some 
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common grouping in the various enzymes. The effect of iodoacetic acid on the 
glyceraldehyde-pyruvate reaction is not instantaneous (cf. Fig. 9). If the 
enzyme is first mixed with glyceraldehyde and then with iodoacetic acid, the 
inhibition is considerably reduced. That shows that the substrate competes with 


iodoacetic acid for the active group of enzyme. When, however, iodoacetic acid _ 


is added some minutes before the substrate, inhibition is complete. A complete 
analysis of the iodoacetic acid effect has been given by Dixon [1937]. 


300 





0 5 10 15 
Time in min. 


Fig. 9. The time factor in the iodoacetic acid effect. 


Each manometer contained 1-5 ml. enzyme, 0-5 ml. 15% coenzyme I, 0-1 ml. M pyruvate 
and 0-4 ml. M/2 NaHCO,. The strength of the iodoacetic acid was M/200 final concentration. 


Todoacetic acid inhibits only the oxidation of triosephosphate, «-glycero- 
phosphate and triose respectively but not the reduction of the ketonic acids. The 
evidence will be considered in a later section. In other words, the oxidizing and 
reducing parts of the mutase do not show identical reactions to inhibitors. 

Table XVII is a summary of the effects of various reagents and inhibitors on 
the triosephosphate and triose mutases. The effect of salicylaldehyde is probably 


Table XVII. Effect of reagents 


0 indicates no effect. A number refers to the % inhibition. 


Triosephos- 
phate+pyruvate Triose + pyruvate 
% % 
Insulin 0 0 
Glutathione 0 0 
M/40 arsenite —- 36 
M/40 pyrophosphate 24 69 
Salicylaldehyde (1/4 saturated) — 89 
Adrenaline 0 0 


one of competitive inhibition. It is interesting that the mutase solution in 
presence of both salicylaldehyde and glyceraldehyde produces only a fraction of 
the CO, produced by either separately. 
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XII. Mutases as dehydrogenases' 


The reaction between, e.g., triosephosphate and pyruvate may be considered 
as a coenzyme-linked reaction between two dehydrogenase systems, viz. the 
triosephosphate and lactic dehydrogenases respectively [cf. Dewan & Green, 
1937]: 

(14) Triosephosphate + coenzyme I —-—> phosphoglycerate + reduced coenzyme I, 
(15) Pyruvate +reduced coenzyme I —-—> lactate + coenzyme I. 


When, however, the appropriate tests for a triosephosphate and lactic dehydro- 
genase are carried out, the results are either negative or so weakly positive as 
to be negligible. The apparent distinction between mutase and dehydrogenase 
activities may be schematized as follows: 

Mutase: triosephosphate —-> coenzyme —— pyruvate. 

Dehydrogenase: triosephosphate —> coenzyme ——> carrier ——> O,. 
The arrows indicate the direction of transfer of hydrogen. In mutase systems, 
the coenzyme is reduced and oxidized only by the substrates of the enzyme. In 
dehydrogenase systems, reduced coenzyme can also react with carriers such as 
flavin, flavoprotein, adrenochrome, methylene blue ete. At first we considered 
this distinction to be fundamental, but subsequent experimentation disclosed 
that dehydrogenases like mutases cannot catalyse the oxidation of reduced 
coenzyme by means of carriers. The method of preparation of mutases involves 
the complete destruction of the necessary catalytic factor whereas this factor is 
present in the usual preparations of the lactic, malic and B-hydroxybutyric 
dehydrogenases—the best known examples of animal coenzyme dehydrogenases. 
By suitable treatment it is possible to separate the factor completely from these 
dehydrogenases. Hence both mutases and dehydrogenases are concerned only 
in the reaction between the substrate and coenzyme. 

Assuming that the inability of mutases to act as dehydrogenases is due to a 
block in the reaction between reduced coenzyme and the oxygen carrier, we 
tested the effect of adding extracts of washed muscle prepared as follows. 
Minced skeletal muscle was washed thoroughly with tap water, ground with 
sand and phosphate buffer (7/50) and filtered through muslin. The filtrate was 
centrifuged and the supernatant brought to pH 4-6. The precipitate was centri- 
fuged hard and resuspended in M/10 phosphate buffer pH 7-2. This extract was 
rich in dehydrogenases. Table X VIII shows the result of a typical experiment. 


Table XVIII. Effect of factor on the oxidation of triosephosphate 


The quantities used were 1-5 ml. mutase, 1-0 ml. coenzyme, 0-3 ml. of 0-5% methylene blue 
0-3 ml. .M/10 hexosediphosphate and 0-1 ml. 6 N KOH in the potash cup. 


pl. O, in 

20 min. 
Mutase + coenzyme + triosephosphate + methylene blue 0 
Factor + coenzyme + triosephosphate + methylene blue 0 
Mutase + factor + coenzyme + triosephosphate + methylene blue 186 
Complete system without triosephosphate 20 
Complete system without coenzyme 0 
Complete system without methylene blue 75 


Neither the mutase nor the extract alone was able to oxidize triosephosphate 
via methylene blue and oxygen. Mutase and extract together behaved as a 
typical dehydrogenase system. The objection might be raised that the extract 


1 The discussion of the experiments in Sections XII and XIII was partially rewritten with 
some additions on 11 December. 
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contained an active triosephosphate dehydrogenase but no zymohexase. The 
mutase was therefore merely supplying the enzyme for converting hexosedi- 
phosphate into triosephosphate. This is ruled out by the fact that the extract, 
like the mutase, contains active zymohexase. The reaction with oxygen required 
the presence of all the components: mutase, coenzyme, extract, hexosediphos- 
phate and carrier. In absence of carrier, a somewhat slower reaction took place. 
This is due to the coenzyme oxidase in the extract which catalyses the direct 
reaction between reduced coenzyme and molecular oxygen [cf. Green e¢ al. 1937]. 
We have been unable as yet to find any substance to replace the extract. A 
highly active factor has also been prepared from pig heart by the same method 
as for the rabbit muscle extract. Flavoprotein, vitamin B, insulin, cytochrome 
and glutathione are all inactive. Furthermore, the factor responsible for the 
conversion, as it were, of the mutase into a typical dehydrogenase system is non- 
dialysable, destroyed by boiling and sedimented by high speed centrifuging. 
Thus it is clear that some labile component of the extract not replaceable by 
known carriers can collaborate with the triosephosphate mutase in catalysing the 
oxidation of triosephosphate by molecular oxygen. 

By means of this extract it was possible to demonstrate a whole series of 
dehydrogenases which reflect either the reducing or oxidizing phases of mutase 
action, e.g. the lactic, malic, «-hydroxybutyric, «-glycerophosphoric and glycer- 
aldehyde dehydrogenases (cf. Table XIX). The activating effects of the extract 
were not uniformly as high as with triosephosphate but the effects were always 
positive. There is a slight complication in testing for some of the dehydrogenases 
since the extract itself shows some activity towards these substrates. But the 
effect produced is usually out of all proportion to the activity of the extract. 


Table XIX. Effect of factor on the oxidation of lactate, malate, «-ketobutyrate, 
«-glycerophosphate and glyceraldehyde 
The system contained coenzyme, methylene blue and cyanide except in the case of glycer- 
aldehyde, in which no cyanide was used and pyocyanine was used instead of methylene blue. 


pl, O, in 20 min. 





Y 
Mutase + factor + 


Mutase + system Factor +system system 
No substrate 0 0 10 
Malate 39 40 212 
Lactate 30 62 274 
a-Hydroxybutyrate 24 0 51 
Glyceraldehyde 10 0 39 
a-Glycerophosphate 0 29 63 


Recently, Banga [1937] described an “activator” of the respiration of muscle 
extracts, the properties of which agree completely with those of the coenzyme 
factor. Banga considers that the ‘“‘activator” makes possible the interaction of 
triosephosphate and pyruvate. 

The coenzyme factor has proved to be an invaluable tool for analysing 
separately the oxidizing and reducing functions of the mutase. Table XX shows 
that iodoacetic acid inhibits the oxidation of triosephosphate and not the 
reduction of pyruvate or oxaloacetate to the corresponding hydroxy-acids 
(actually the test is made for the reverse reactions). Also we have found that the 
ratio triosephosphate/lactic activity is not constant and can be changed in the 
course of purification. As yet there is no evidence for a decision one way or the 
other on the question whether the mutase is two separate enzymes working 
together or two enzymes fused into one. 
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Table XX. Effect of iodoacetic acid on the oxidation of 
triosephosphate, lactate and malate 


The mutase system contained mutase, coenzyme and methylene blue. Details as for Table 


XVIII. pl. O, in % 
10 min. inhibition 
Mutase system + factor + hexosediphosphate 110 — 
As above with M/200 iodoacetate 17 84 
Mutase system + factor + malate + cyanide 133 — 
As above with M/200 iodoacetate 112 17 
Mutase system + factor + lactate + cyanide 161 _— 
As above with M/200 iodoacetate 137 15 


XIII. Reaction of mutases with coenzyme dehydrogenase systems 


From the point of view of the theory of mutase action, it was of considerable 
interest to know whether the mutase could be used as a dehydrogenase in a 
coenzyme-linked reaction between two systems. We attempted the following 
coenzyme-linked reactions: 

(16) $-Hydroxybutyrate +«-ketobutyrate ——> acetoacetate + «-hydroxybutyrate, 

(17) $-Hydroxybutyrate + p-hydroxyphenylpyruvate —-—> acetoacetate + p-hydroxyphenyl- 
lactate, 

(18) ~$-Hydroxybutyrate + mesoxalate ——> acetoacetate +tartronate. 

It was intended to use the B-hydroxybutyric dehydrogenase preparation of 
heart in combination with the muscle mutase to catalyse the above reactions. 
However, the lactic dehydrogenase present in the heart preparation was found 
to catalyse the reduction of all the ketonic acids without added mutase. The 
effect of mutase was therefore greatly obscured. But it is significant that in 
presence of the mutase, reaction (17) proceeded almost twice as fast as in its 
absence (cf. Table X XI). Thus it appears that the mutase can link up anaero- 
bically with dehydrogenases. The formation of acetoacetic acid was used as 


Table XXI. Linking of the B-hydroxybutyric dehydrogenase system (pig 
heart preparation) with the mutase of skeletal muscle (rabbit) 


The dehydrogenase system contained the heart enzyme and coenzyme I. For details of 


similar experiments and methods of estimation, cf. Dewan & Green [1937]. 
pl. acetoacetic 


co, 


Dehydrogenase system + B-hydroxybutyrate 15 
Dehydrogenase system + B-hydroxybutyrate + «-ketobutyrate 338 


As above with mutase 352 
As above without «-ketobutyrate 15 
Dehydrogenase system + 8-hydroxybutyrate + p-hydroxyphenyl- 196 

pyruvate 
As above with mutase 354 
Dehydrogenase system + 8-hydroxy butyrate + mesoxalate 284 
434 


As above with mutase 


the measure of reaction. The ketonic acid was estimated manometrically as CO, 
by the aniline method of Ostern [1933]. Dewan & Green [1937] have already 
demonstrated that the aldehyde mutase could be coupled with the f-hydroxy- 
butyric dehydrogenase via coenzyme I. 

The specificity of the typical lactic dehydrogenase as distinguished from the 
mutase one, towards the higher members of the series of «-hydroxy-acids has 
not been studied. It appears that the specificity is wider than has hitherto been 
suspected. A knowledge of the specificities of the two lactic enzymes might 
permit a decision as to their identity. 
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The similarities between the typical lactic dehydrogenase and that of the 
mutase are many, e.g. dependence upon a coenzyme, specificity for 1( + )-lactate, 
reaction with compounds related to pyruvate such as «-ketobutyrate and 
p-hydroxyphenylpyruvate, insensitivity to iodoacetic acid etc. But there are 
also some differences. The mutase is soluble and is unaffected by high speed 
centrifuging. The typical lactic dehydrogenase cannot be washed out of minced 
tissue—being extracted only after complete grinding and disintegration of cell 
organization. In contrast the mutase is easily washed out of coarsely minced 
tissue without any grinding being necessary. However, these differences are not 
fundamental. We have recently been able to obtain the dehydrogenase in the 
form of a water-clear solution. The tentative hypothesis is that the lactic-pyruvic 
end of the mutase is identical with the typical dehydrogenase. 

Another apparent difference between the lactic enzyme of the mutase and the 
ordinary lactic dehydrogenase lies in the power of reacting with molecular 
oxygen via carriers. The former is unable to do so except in presence of an 
additional factor. One may argue that possibly the lactic dehydrogenase on 
further purification would similarly fail to react with carriers. We have been able 
by a procedure to be described in a later paper to separate the lactic dehydro- 
genase from the coenzyme factor. Such a preparation of the lactic enzyme, like 
the mutase, is unable to react with carriers except in presence of the' factor. 
The ability to react with molecular oxygen via carriers is therefore not 
characteristic either of coenzyme dehydrogenases or mutases. 

Our experiments thus far on the coenzyme factor have been confined to 
dehydrogenases of animal source. Flavoprotein fulfils the same role in the case 
of yeast coenzyme systems as coenzyme factor in the case of animal systems. 
Flavoprotein however is not identical with coenzyme factor. 


XIV. Oxidation and reduction of coenzyme 


The spectrophotometric method employed for studying the reduction and 
oxidation of the coenzyme has been previously described by Green & Dewan 
[1937]. Tables XXII and XXIII summarize the experiments. Glyceraldehyde, 
a-glycerophosphate, lactate, malate and glycollic aldehyde all rapidly reduce 
coenzyme I. It is necessary to use a fixative such as cyanide when testing 
reduction by lactate, malate and «-glycerophosphate in order to shift the 
equilibrium in favour of reduced coenzyme. In experiments on the reduction of 
coenzyme by lactate, it was found that the reaction was practically instan- 
taneous. No reduction of coenzyme by hexosediphosphate (i.e. triosephosphate) 


Table XXII. Reduction of coenzyme 


For details of procedure, cf. Green & Dewan [1937]. For each estimation, 0-1 ml. mutase and 
2-5 ml. 0-2% crude coenzyme I were used. The controls for reduction of the coenzyme in absence 
of the enzyme were all negative. The time of these experiments was 5 min. 


log 1,/I 
at 340 mu 
Mutase + coenzyme 0-2 
Mutase + coenzyme + glyceraldehyde 1-5 
Mutase + coenzyme + glycollic aldehyde 1-3 
Mutase + coenzyme + lactate + cyanide 2-0 
As above—no cyanide 0-3 
Mutase + coenzyme + malate + cyanide 2-0 
Mutase + coenzyme + «-glycerophosphate + cyanide 1-3 


As above with ./200 iodoacetate 0-2 
Mutase + coenzyme + hexosediphosphate 0-2 
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Table XXIII. Oxidation of reduced coenzyme 


log J,/I 
at 340 my 
Mutase + reduced coenzyme 2-0 
Mutase + reduced coenzyme + pyruvate 0-3 
As above with boiled enzyme 2-0 
Mutase + reduced coenzyme + oxaloacetate 0-4 
As above with boiled enzyme 2-0 
Mutase + reduced coenzyme + «-ketobutyrate 0-7 
Mutase + reduced coenzyme + hexosediphosphate 0-3 


could be demonstrated either in presence or in absence of fluoride. This negative 
result does not mean that the coenzyme is not being reduced. Hexosediphosphate 
instantaneously gives rise to «-glycerophosphate and phosphoglycerate—the 
latter of which can oxidize reduced coenzyme. In fact, triosephosphate acts not 
only as a hydrogen donator but also as an acceptor. The kinetic balance is 
therefore wholly in favour of the oxidation of the coenzyme. Consistent with 
that hypothesis is the fact that reduced coenzyme is oxidized completely in 
presence of the mutase and hexosediphosphate. Pyruvate, oxaloacetate and 
a-ketobutyrate all rapidly oxidize reduced coenzyme. 

Euler el al. [1936] have already shown that the mutase solution in presence 
of «-glycerophosphate can reduce coenzyme I and that in presence of pyruvate 
it can oxidize reduced coenzyme I. They attributed these oxidoreductions to 
typical dehydrogenase systems. 


XV. Synthesis of triosephosphate 


Triosephosphate and pyruvate in presence of the appropriate mutase and 
coenzyme I react until all the triosephosphate is oxidized. That is to say equili- 
brium is reached only when the reaction has proceeded practically to completion. 
In order to reverse the forward reaction, some means must be found of shifting 
the equilibrium point. Since cyanide combines with both triosephosphate and 
pyruvate, the use of this reagent should enable the reaction to proceed in the 
reverse direction. The reduction of phosphoglycerate to triosephosphate involves 
the disappearance of an acid. Hence, if the experiment is conducted mano- 
metrically, the course of the reaction should be indicated by an absorption of 
CO, from the gas space into the bicarbonate solution containing the reactants. 
Table XXIV is a summary of a typical experiment. The absorption of CO, 
depends upon the presence of the coenzyme, lactate, phosphoglycerate and the 
mutase. There is an appreciable blank in absence of coenzyme but this is also 
true of the forward reaction. 


Table XXIV. Reaction of lactate with phosphoglycerate 


The following quantities were used; 1 ml. mutase, 1-0 ml. 0-2% coenzyme I, 0-4 ml. W/5 phos- 


si )-2 2) N 0- _M dl-lactate. 
phoglycerate (natural) 0-2 ml. 2M HCN and 0-1 ml. © dl-lactate of: Oi ahiected 
in 10 min. 
Mutase + coenzyme + lactate + cyanide + phosphoglycerate 394 
Complete system without lactate 60 
Complete system without cyanide 0 


Complete system without mutase 0 


Complete system without phosphoglycerate 0 

Complete system without coenzyme 80 
There are a few experimental details that are important in connexion with 
the synthesis of triosephosphate. The cyanide solution (2M) should be neutra- 
lized immediately before the experiment. The neutralized solution should be just 
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colourless to phenolphthalein and distinctly blue to bromothymol blue. The 
neutralized solution should not be kept more than 2 hr. 


Table XXV. Oxidation of malate and «-hydroxybutyrate 


by phosphoglycerate 
Details as for Table XXIV. pl. CO, absorbed 
in 10 min. 
Mutase + coenzyme + cyanide + malate + phosphoglycerate 352 
Complete system without phosphoglycerate 0 
Complete system without malate 60 
103 


Mutase + coenzyme + cyanide + «-hydroxybutyrate + phos- 
phoglycerate 
As above without phosphoglycerate 0 
Not only will lactate react with phosphoglycerate but malate and «-hydroxy- 
butyrate do so as well (cf. Table XX V). The three reactions may be summarized 


by equation (19): 


f Malate HCN (oxaloacetate 
(19) Lactate + phosphoglycerate —-—> + pyruvate + triosephosphate. 
a-ketobutyrate 


a-Hydroxybutyrate 
Only 1(+)-lactate and J(—)-malate are active as reductants for (+ )-phos- 


ohoglycerate : 
mre 1. CO, 


Hi. 2 
absorbed in 10 min. 
U( + )-Lactate 398 
d( — )-Lactate 38 
l( — )-Malate 236 
d( +)-Malate 19 


The production of triosephosphate and pyruvate was also demonstrated 
chemically. The former was estimated as alkali-labile phosphate by the method of 
Meyerhof & Lohmann [1934]; the latter was isolated as the 2:4-dinitrophenyl- 
hydrazone and identified as such by a mixed M.P. with a known sample. Table 
XXVI compares the absorption of CO, with the production of alkali-labile 


Table XX VI. CO, absorption and formation of alkali-labile phosphate 
mg. alkali labile 


pl. CO, phosphate 
absorbed produced 
Complete system 210 0-70 
Without coenzyme 100 0-34 
Without cyanide 0 0 


Without lactate 0 0 
Without phosphoglycerate 0 0 


phosphate. The parallelism, although not exact, indicates that the reaction is 
proceeding according to equation (19). 

In addition to the production of alkali-labile P, a considerable liberation of 
inorganic phosphate is observed coincidently with the oxidoreduction. In absence 
or in presence of iodoacetic acid, the production of inorganic phosphate as well 
as of alkali-labile phosphate is suppressed. The mechanism whereby the inorganic 
phosphate is derived from phosphoglycerate is unknown. But it appears likely 
that the production of inorganic phosphate is dependent upon the oxidoreduction. 
This observation recalls the results of Meyerhof el al. [1937] who found with 








= ee a cnet > —— RR a mil io. 





DISMUTATIONS AND OXIDOREDUCTIONS 2349 


yeast preparations that dephosphorylation of phosphopyruvate was under 
certain conditions greatly accelerated by the presence of a trace of hexosedi- 
phosphate provided that coenzyme I and an active oxidoreduction system were 
also present. The production of inorganic phosphate has no direct bearing on the 
synthesis of triosephosphate. It is not due for example to breakdown of the 
triosephosphatecyanohydrin. Hexosediphosphate in presence of the mutase 
solution and cyanide gave rise quantitatively to triosephosphatecyanohydrin. 
No inorganic phosphate was found. 

Thus far we have been unable to produce the following reversals: glycerate + 
lactate, «-glycerophosphate + phosphoglycerate and «-glycerophosphate + gly- 
cerate. There are three possibilities: (1) these reactions are irreversible, (2) cyanide 
is inhibiting the triose and «-glycerophosphate mutases and (3) cyanide does 
not fix glyceraldehyde efficiently. 

A direct and simple method demonstrating the reduction of phosphoglycerate 
to triosephosphate lies in the use of oxidoreduction indicators. Glyceraldehyde 
in presence of the mutase, coenzyme I and the factor at pH 7-2 reduced benzyl- 
viologen practically to completion (intense blue colour). When the reduction 
had proceeded to completion, phosphoglycerate was introduced. The blue colour 
of the reduced form gradually faded and in a few minutes the solution became 
colourless. Glyceraldehyde is merely a reducing agent for the coenzyme, 
reduced coenzyme in turn reducing benzylviologen. By addition of phospho- 
glycerate, the equilibrium is shifted in favour of oxidized coenzyme and hence 
in favour of the oxidized or colourless form of benzylviologen (for a complete 
discussion of the theory of the method, cf. Green et al. [1937]). 

The formation of lactate and inorganic phosphate from hexosediphosphate in 
muscle is usually regarded as taking place in six stages: (1) formation of triose- 
phosphate, (2) oxidoreduction between triosephosphate and a trace of pyruvate, 
(3) transformation of 3-phosphoglycerate into 2-phosphoglycerate, (4) trans- 
formation of 2-phosphoglycerate into phosphopyruvate, (5) dephosphorylation 
of phosphopyruvate by reaction with adenylic acid, the pyruvate thus formed 
taking part in the second reaction and (6) formation of free phosphate and 
adenylic acid from adenosinetriphosphate. Of these stages, (1), (3) and (4) have 
been shown by Meyerhof and his collaborators to be reversible. Needham & 
Pillai [1937] have shown that stage (6) can be reversed by coupling with an 
energy-yielding reaction. Thus stage (5) is the only one which has not so far been 
reversed in vitro. An investigation of the condtions under which adenylpyro- 
phosphate might phosphorylate pyruvate, or under which pyruvate might 
react with inorganic phosphate is being undertaken. 

These facts lead on to the consideration of a possible path of carbohydrate 
synthesis from lactate. Given a trace of phosphoglycerate, reaction with lactate 
would produce triosephosphate and pyruvate. This reaction would proceed to 
an appreciable degree if the triosephosphate formed were continually and com- 
pletely removed—as would happen if, for example, the hexosediphosphate 
formed were being converted into glycogen. As for the pyruvate formed in the 
oxidoreduction, once it had been phosphorylated (a step at present obscure), its 
conversion into a further supply of phosphoglycerate to react with the lactate 
would readily follow. Thus given an energy source for the phosphorylation of 
pyruvate and for other energy-requiring reactions, it should be possible to con- 
vert lactate quantitatively into glycogen. 
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XVI. Aldehyde mutase 


The kinetics and quantitative relations of the aldehyde mutase of liver have 
been thoroughly studied by Dixon & Lutwak-Mann [1937]. We have been 
interested merely in comparing the aldehyde mutase with the muscle mutases in 
respect of the reaction with «-ketonic acids. Addition of «-ketonic acids such 
as pyruvate, oxaloacetate, mesoxalate, «-ketoglutarate and «-ketobutyrate 
considerably increases the rate of production of CO, from a mixture of the 


Table XX VII. Oxidation of acetaldehyde by ketonic acids 


The mutase was prepared as described in § I. The quantities used were 1 ml. enzyme, 1 ml. 
0-15% coenzyme I, 0-1 ml. M ketonic acid, 0-4 ml. M/2 NaHCO, and 0-1 ml. M acetaldehyde. 
The aldehyde was placed in both the right and left cups of the Barcroft manometer to compensate 


for the extra vapour pressure developed. pl. CO, in 
10 min. 
Mutase + aldehyde 335 
Mutase + aldehyde + pyruvate 803 
Mutase + aldehyde + oxaloacetate 720 
Mutase + aldehyde + «-ketoglutarate 644 
Mutase + aldehyde + mesoxalate 900 


aldehyde mutase, coenzyme I and acetaldehyde in bicarbonate solution (cf. 
Table XXVII). In the ‘case of pyruvate as oxidant, the dismutation is sup- 
pressed and the only reaction which proceeds is: 

(20) Acetaldehyde + pyruvate —-—> acetate + lactate. 
The evidence for this is the equivalence between the manometric CO, and the 


production of lactic acid. ul. CO, in 
5 15 min. 
Mutase + aldehyde + coenzyme 340 
Mutase + aldehyde + coenzyme + pyruvate 480 
Lactic acid produced from added pyruvic 410 


(expressed as pl. CO,) 
i.e. 85% of the total CO, could be accounted for by the oxidation of aldehyde by pyruvate. 
With oxaloacetic acid, both reactions take place simultaneously. The malic 
acid produced is equivalent only to the difference in manometric CO, between 
the value for acetaldehyde + oxaloacetate and that for acetaldehyde alone: 


pl. CO, in 
90 min. 
Mutase + aldehyde + coenzyme 373 
Mutase + aldehyde + coenzyme + oxaloacetate 811 
Increase in CO, due to oxaloacetate 438 
Malic acid formed (expressed as pl. CO.) 421 


Malic acid was estimated as acetaldehyde by the method of Friedemann & 
Graeser [1933]. The malic acid produced showed no optical activity. Thus the 
reduction of oxaloacetate by the aldehyde mutase is symmetrical whereas that 
by the muscle mutases is asymmetric. In the reaction between aldehyde and 
mesoxalate, disappearance of ketonic acid could be demonstrated by the iodine- 
bisulphite titration method. Aldehyde was first removed by aeration. 

We attempted to produce aldehyde from a mixture of alcohol and acid in 
presence of cyanide but with no success. It is conceivable that the reaction is 
reversible but that cyanide inhibits the enzymic activity. 


XVII. Optical specificity 
All the muscle mutases reduced «-ketonic acids to the corresponding optically 
active a-hydroxy-acids of the J[-stereochemical series, e.g. 1(+)-lactate and 
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l(—)-malate. Conversely d(—)-lactate and d(+)-malate were inactive in the 
reaction with the natural d(+)-phosphoglycerate. The «-glycerophosphate pro- 
duced by the dismutation of triosephosphate was completely estimated by the 
muscle dehydrogenase system which specifically attacks only the l(—) component. 
This agrees with the results of Fischer & Baer [1937], who synthesized 1( —)-«- 
glycerophosphate, and found it to be identical with the natural compound. They 
point out that chemical oxidation of natural «-glycerophosphate gives rise to 
the non-natural /-glyceraldehydephosphate and /(—)-phosphoglyceric acid. It can 
readily be seen from structural formulae that enzymic formation of dihydroxy- 
acetonephosphate and d-glyceraldehydephosphate from hexosediphosphate, 
followed by oxidoreduction between these two, would give rise to l( —)-glycero- 
phosphate and d(—)-phosphoglyceric acid. When pyruvic acid oxidizes 1(—)- 
glycerophosphate under the influence of the mutase, d(—)-phosphoglyceric acid 
must be formed via inactive dihydroxyacetonephosphate. Of the two forms of 
glyceraldehvde, apparently only the d(+)-enantiomorph is attacked. 


XVIII. Theory of mutase action 


We may define mutases as enzymes which catalyse the oxidation of their 
substrate by «-ketonic acids and which depend upon the collaboration of 
coenzyme I. Most of them can also catalyse the dismutation of the substrate. 
But that ability is not characteristic of all the members of the class. The 
objection may be raised that the term mutase was originally applied to enzymes 
catalysing dismutations and that the sense in which we are now employing it 
will introduce confusion. Dr M. Dixon has therefore suggested the term oxido- 
reductases to cover the exceptional mutases which do not catalyse dismutation. 
We feel, however, that the problem of nomenclature must await further work 
on the nature of mutases. 

Our provisional conception of mutase action is the following. Each mutase 
consists of a protein with two active groups—one of which activates the sub- 
strate and catalyses the oxidation of the substrate by the coenzyme, the other 
activates the «-ketonic acids and catalyses the reduction of the «-ketonic acid by 
reduced coenzyme. The coenzyme is the liaison agent between the two active 
groups. The dismutation of the substrate involves a dual activation, i.e. the 
substrate has to be simultaneously reduced and oxidized. It is impossible to 
say at the moment whether only one active group is sufficient to catalyse the 
dismutation or whether the dismutation like the oxidoreduction involves the two 
different active groups. 

The difficulties still in the way of a clear understanding of mutase action may 
be summarized as follows: 

(1) In the reaction between e.g. triosephosphate and pyruvate are we dealing 
with two different enzymes or with a single enzyme unit? By enzyme is implied 
both the protein bearer and active group together. 

(2) Is the mutase enzyme which is involved in the reduction of pyruvate to 
lactate and of the other «-ketonic acids to their corresponding hydroxy-acids a 
different enzyme from the lactic dehydrogenase ? 

The experiments described above supply partial answers to some of these 
difficulties. But it would be dogmatic to reach a definite decision. 

The participation of «-ketonic acids other than pyruvic acid in the reaction 
with triosephosphate, triose and «-glycerophosphate has some bearing on 
modern conceptions of muscle glycolysis. It would appear that only three of a 
very large number of possible oxidoreductions have been given prominence. 
The artificiality of such schemes is obvious. 
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SUMMARY 


1. The properties and reactions of the triose, triosephosphate and «-glycero- 
phosphate mutases have been studied. The activities of all these three mutases 


depend upon coenzyme I. 
2. The mutases all catalyse the oxidation of their substrates by «-ketonic 


a 


acids. Some, like the triosephosphate mutase, also catalyse the dismutation of 
the substrate. 

3. Mutase action is inhibited almost completely by low concentrations of 
iodoacetic acid. 

4. The coenzyme functions in these oxidoreductions by undergoing a cycle 
of oxidation and reduction. 

5. Mutase systems cannot react with oxygen carriers such as flavin, methy- 
lene blue etc. in absence of a thermolabile factor found in skeletal and cardiac 
muscle extracts. The factor is non-dialysable and sedimented by high speed 
centrifuging. It is not identical with any of the known carriers. 

6. The reaction between lactate and phosphoglycerate yielding triosephos- 
phate and pyruvate has been shown to take place in presence of the triose- 
phosphate mutase system and strong cyanide. 

7. The theory of mutase action is discussed. 


‘. One of us (D. E.G.) is grateful to the Ella Sachs Plotz Foundation for a 
grant. We wish to express our thanks to Mr S. Williamson for his assistance 
with some of the chemical preparations. 
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cathode rays and ultraviolet light on 
(Allen, Steiger, Magill and Franklin) 195 

Adrenal cortex, isolation of A**-androstadiene- 
17-one from the urine of a man with a 
malignant tumour of (Burrows, Cook, Roe 
and Warren) 950 

Adrenaline and adrenochrome (Green and 
Richter) 596 

Adrenaline and amine oxidase (Richter) 2022 

Adrenaline and other amines, oxidation of 
(Blaschko, Richter and Schlossmann) 2187 

Adrenaline, chemical determination of (Devine) 
545 

Adrenaline, chemical determination of, in solu- 
tions containing protein (D’Silva) 2171 

Adrenochrome, adrenaline and (Green and 
Richter) 596 

Adsorption, chromatographic, isomerization of 
carotenes by (Gillam, el Ridi and Kon) 
1605 

dl-Alanine, deamination of, by Bact. coli 
(Stephenson and Gale) 1316 

Albino rats, occurrence of a phytin-splitting 
enzyme in intestines of (Patwardhan) 560 
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Albumin, serum and globulin, observations on ae 
mixtures of (Ogston) 1952 

Albumin, serum, separation of, into two 
fractions (Hewitt) 360 / 

Alcohols, action of monohydric, on gelatin gels/ ~ 
(Saunders) 1093 '— 

Alcohols, isolation of crystalline, from the \ © 
unsaponifiable matter of rice and wheat \ » 
germ oils (Todd, Bergel, Waldmann and \\ 
Work) 2247 i 
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Aliphatic amines, micro-determination of am- 
monia in presence of (Pugh and Quastel) 
282 

Aliphatic amines, oxidation of, by brain and 
other tissues (Pugh and Quastel) 286 

ALLCHORNE, E. see Bacuaracn, A. L. 

ALLEN, A. J., Sreicer, R. E., Macruy, M. A. 
and Frankuin, R. G. Amino-acids, acyl- 
amino-acids, dipeptides, acyl-dipeptides and 
derivatives of these compounds. IT. Effects 
of irradiation with cathode rays and ultra- 
violet light 195 

ALLEN, A. J. see also MaGILy, M. A. 

Autsopp, A. Seasonal changes in the organic 
acids of rhubarb (Rheum hybridum) 1820 

Allyl isothiocyanate, combination of cysteine 
with (Todrick and Walker) 297 

Amine oxidase and adrenaline (Richter) 2022 

Amines, aliphatic, micro-determination of am- 
monia in presence of (Pugh and Quastel) 
282 

Amines, aliphatic, oxidation of, by brain and 
other tissues (Pugh and Quastel) 286 

Amines, oxidation of adrenaline and other 
(Blaschko, Richter and Schlossmann) 2187 

Amines, oxidation of, by animal tissues (Pugh 
and Quastel) 2306 

Amino-acid utilization and hydrogen produc- 
tion by Clostridium tetanomorphum (Woods 
and Clifton) 1774 

Amino-acids, absorption spectra of (Magill, 
Steiger and Allen) 188 

a-Amino-acids and peptides, interaction of, 
with sugars in aqueous solution (Frankel 
and Katchalsky) 1595 

Amino-acids, content in, of the caseinogen and 
lactalbumin of woman’s milk (Plimmer and 
Lowndes) 1751 

Amino-acids, diffusion constants of (Polson) 
1903 

Amino-acids, effects of irradiation with cathode 
rays and ultraviolet light on (Allen, Steiger, 
Magill and Franklin) 195 

Amino-acids, sulphur-containing, oxidation of, 
in the body (Medes) 1330 

p-Aminobenzenesulphonamide, derivatives of, 
in treatment of streptococcal infection in 
mice (Gray, Buttle and Stephenson) 724 

Aminoethy] phosphoric ester (Outhouse) 1459 

Ammonia, micro-determination of, in presence 
of aliphatic amines (Pugh and Quastel) 282 

Ammonium thiocyanate, biological oxidation of 
(Happold and Key) 1323 
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Amylases, mechanism of degradation of starch 
by (Bailey, Hopkins and Dolby) 586 

a-Amylodextrin, action of malt amylase on 
(Bailey, Hopkins and Dolby) 586 

Anaemias, macrocytic, new factor in production 
and cure of (Wills, Clutterbuck and Evans) 
2136 

Anaerobic glucolysis, aspects of (Needham and 
Nowinski) 1165 

A*-Androstadiene-17-one, isolation of, from 
the urine of a man with a malignant tumour 
of the adrenal cortex (Burrows, Cook, Roe 
and Warren) 950 

A°-Androstenediol and A‘-androstenedione, the 
co-operative activity of testosterone pro- 
pionate with, and with oestradiol in male 
rats (Korenchevsky and Dennison) 862 

A®-Androstenediol, effects of, on castrated and 
ovariectomized rats (Korenchevsky, Den- 
nison and Eldridge) 467 

At-Androstenedione, effects of, on castrated 
and ovariectomized rats (Korenchevsky, 
Dennison and Eldridge) 467 

Aneurin and related compounds, role of, in 
nutrition of Staphylococcus aureus (Knight) 
966 

Aneurin, see also Vitamin B, 

Anguilla aucklandi Rich. and Anguilla vulgaris, 
distribution of vitamin A in tissues of 
(Edisbury, Lovern and Morton) 416 

Animal organism, vitamin B, in (Leong) 367, 
373 

Animal tissues, acetopyruvic acid («y-diketo- 
valeric acid) as an intermediate metabolite 
in (Krebs and Johnson) 772 

Animal tissues, B-hydroxybutyric dehydro- 
genase of (Green, Dewan and Leloir) 934 

Animal tissues, metabolism of ketonic acids in 
(Krebs and Johnson) 645 

Animal tissues, oxidation of amines by (Pugh 
and Cuthbertson) 2306 

Animal tissues, oxidation of [( —)«-hydroxy- 
glutaric acid in (Weil-Malherbe) 2080 

Animals, comparison of effects of dietary egg 
white and of a specific factor given orally or 
parenterally in five types of (Lease, Parsons 
and Kelly) 433 

Animals, laboratory, small, simple apparatus 
for milking (Temple and Kon) 2197 

Animals, requirement for vitamin K of dif- 
ferent species of (Dam, Schénheyder and 
Lewis) 22 

Antibodies, action of enzymes on (Rosenheim) 
54 

Antigenic behaviour of serum proteins with 
special reference to crystalbumin and sero- 
glycoid (Hewitt) 1047 

Antigenic substance, isolation and properties 
of, from B. dysenteriae (Shiga) (Morgan) 
2003 

Antigonadotropic and antithyrotropic sera, 
fractionation of (Harington and Rowlands) 
2049 

Antineuritic potency of synthetic and natural 
crystalline vitamin B, as determined by the 
“‘bradycardia’’ method (Leong and Harris) 
672 

Apomyozymase and the coenzyme of glycolysis 
in muscle extracts (Kendal and Stickland) 
1758 


Aqueous humour, distribution of urea in blood 
and (Benham) 1157 

Aqueous solution, interaction of «-amino-acids 
and peptides with sugars in (Frankel and 
Katchalsky) 1595 

Aqueous solutions, behaviour of peptides in 
(Frankel) 491 

Arginine, conversion of, into creatine in theisola- 
ted rabbit heart (Fisherand Wilhelmi) 1136 

Ascorbic acid, and its analogues, relation be- 
tween the rate of enzymic oxidation and 
stereochemical structure of (Johnson and 
Zilva) 1366 

Ascorbic acid, enzymic determination of 
(Srinivasan) 1524 

Ascorbic acid in blood (Emmerie and van 
Eekelen) 2125 

Ascorbic acid in the tissues of the rat, mannose 
as a possible precursor of (Hawthorne and 
Harrison) 1061 

Ascorbic acid in urine, chemical identification of 
(Drumm, Scarborough and Stewart) 1874 

Ascorbic acid in urine, excretion of (Scar- 
borough and Stewart) 2232 

Ascorbic acid oxidase and the state of ascorbic 
acid in vegetable tissues (Stone) 508 

l-Ascorbic acid, oxidation of, by plant enzymes 
(Johnson and Zilva) 438 

Ascorbic acid, saturation of a scurvy patient 
with small doses of (Schultzer) 1934 

Ascorbic acid test, study of virus disease infec- 
tion in tubers of potato by (Smith and 
Paterson) 1992 

Ascorbic acid, see also Vitamin C 

AsHLEY, J. N., Hopss, B. C. & Ratstrrick, H. 
Studies in the biochemistry of micro- 
organisms. LIII. The crystalline colouring 
matters of Fusarium culmorum (W. G. 
Smith) Sacc. and related forms 385 

Aspergillus niger, action of, on glucose in the 
presence of sodium iodoacetate (Johnson, 
Knight and Walker) 903 

Aspergillus terreus Thom., molecular constitu- 
tion of geodin and erdin, two chlorine-con- 
taining metabolic products of (Clutterbuck, 
Koerber and Raistrick) 1089 

Aspergillusterreus Thom.,molecular constitution 
of terrein, a metabolic product of (Clutter- 
buck, Raistrick and Reuter) 987 

Assays, biological, and other methods of deter- 
mining vitamin A, discrepancy between 
(Pritchard, Wilkinson, Edisbury and Mor- 
ton) 258 

Atropa Belladonna, experiments on synthesis of 
hyoscyamine in (Cromwell) 551 

Australasian fish liver oils, vitamin A content of 
(Davies and Field) 248 

Australian eucalypts, sampling of wood for 
analysis, with particular reference to 
(Campbell and Bryant) 748 

Aytwarp, F. X., Biackwoop, J. H. and 
Smirn, J. A. B. Lipaemia and milk fat 
secretion in the ruminant 130 

Aytwarp, F. X. and Storr, W. The effect of 
cholesterol feeding of rabbits on the tissue 
lipoids 2055 


Bacu, 8S. J. and Hotmss, E. G. The effect of 
insulin on carbohydrate formation in the 
liver 89 
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Bacuaracu, A. L., ALLCHORNE, E. and GLyNn, 
H. E. Investigations into the method of 
estimating vitamin E. I. The infiuence of 
vitamin E deficiency onimplantation 2287 

Bacuaracu, A. L. see also Stevenson, 8S. G. 

B. dysenteriae (Shiga), isolation and properties 
of a specific antigenic substance from 
(Morgan) 2003 

B. typhosus extract, action of, on tissue meta- 
bolism (Boyland and Boyland) 454 

Bacteria, growth factors for (Snell, Strong and 
Peterson) 1789 

Bacteria, lactic acid, fractionation and pro- 
perties of an accessory factor for (Snell, 
Strong and Peterson) 1789 

Bacteria, propionic acid, intermediate meta- 
bolism of (Wood, Stone and Werkman) 
349 

Bacterial deamination, factors influencing 
(Stephenson and Gale) 1316 

Bacterial dissimilation of glucose, occurrence 
of phosphoglyceric acid in (Stone and 
Werkman) 1516 

Bacterial enzymes, variability in activity of 
(Wooldridge and Glass) 526 

Bacterial purification of gas-works liquors 
(Happold and Key) 1323 

Bacteriological and biochemical relationships 
in the pyocyaneus-fluorescens group (Turfitt) 
212 

Bact. coli, adaptability of glucozymase and 
galactozymase in (Stephenson and Gale) 
1311 

Bact. coli commune, role of fumarate in respira- 
tion of (Krebs) 2095 

Bact. coli, deamination of glycine, dl-alanine 
and I-glutamic acid by (Stephenson and 
Gale) 1316 

Bact. coli, dehydrogenases of (Yudkin) 865 

Battey, K. Composition of the myosins and 
myogen of skeletal muscle 1406 

Bamey, K. The sulphur distribution of 
proteins 1396 

Batey, K., Hopxrns, R. H. and Dotsy, D. E. 
The mechanism of degradation of starch 
by amylases. IV. The action of malt 
amylase on «-amylodextrin 586 

Baker, Z. Glutathione and the Pasteur reac- 
tion 980 

Bancrort, G. and Krysey, V. E. The effect of 
X-rays upon the metabolism of tumour 
tissue 974 

Barley leaves, water-soluble polysaccharide 
from (Haworth, Hirst and Lyne) 786 

Base binding in erythrocytes (Maizels and 
Paterson) 1642 

Bratt, D. A method for the isolation of 
pregnandiol from human pregnancy urine 
35 

Bean, Canada Wonder, distribution of phos- 
phatase activity and analysis of growth in 
(Ignatieff) 1611 

Bean, soya and rape seeds, component fatty 
acids of phosphatides of (Hilditch and 
Pedelty) 1964 

Beans, runner, hemicelluloses of the pods of 
(Buston and Houghton) 2178 

Beef, superimposition of, on diet adequate for 
maintenance (Cuthbertson, McCutcheon and 
Munro) 681 


Brit, D. J. Glycogen. VI. The molecular 
structure of horse muscle glycogen 1683 

Benuam, G. H. Distribution of urea in blood 
and aqueous humour 1157 

Bennett, M. A. Metabolism of sulphur. V. The 
replaceability of l-cystine in the diets of rats 
withsome partially oxidizedderivatives 962 

Benoy, M. P. and Exuiorr, K. A. C. The 
metabolism of lactic and pyruvic acids in 
normal and tumour tissues. V. Synthesis 
of carbohydrate 1268 

Benoy, M. P. see also Exiiort, K. A. C. 

BErGEL, F. see Topp, A. R. 

Bilirubin in blood plasma, estimation of 
(Haslewood and King) 920 

Bruiimortia, M. C. see PEARSALL, W. H. 

Biochemical and bacteriological relationships 
. > pyocyaneus-fluorescens group (‘Turfitt) 

Biochemistry of micro-organisms (Ashley, 
Hobbs and Raistrick) 385; (Clutterbuck, 
Koerber and Raistrick) 1089; (Clutter- 
buck, Raistrick and Reuter) 987 

Biological activity of acids of linseed oil in 
different spectroscopic states (Moore) 138 

Biological assays and other methods of determin- 
ing vitamin A, discrepancy between (Prit- 
chard, Wilkinson, Edisburyand Morton) 258 

Biological material and foodstuffs, chemical 
measurement of vitamin B, in, by means of 
the thiochrome reaction (Pyke) 1958 

Biological oxidation of ammonium thiocyanate 
(Happold and Key) 1323 

Biological properties of some new derivatives 
of testosterone (Deanesly and Parkes) 1161 

Biological synthesis of acetylcholine, mechanism 
of (Stedman and Stedman) 817 

Biological value of the proteins of certain 
cereals (Markuze) 1973 

Brrcn, T. W., Caicx, H. and Martin, C. J. 
Experiments with pigs on a_ pellagra- 
producing diet 2065 

Briackwoop, J. H. see AyYLWarRD, F. X. 

Buiascuko, H., Ricuter, D. and ScHLOSSMANN, 
H. The oxidation of adrenaline and other 
amines 2187 

Blood and aqueous humour, distribution of 
urea in (Benham) | 1157 

Blood and other fluids, micro-determination of 
urea in (Widdowson and Lee) 2035 

Blood, determination of ascorbic acid in 
(Emmerie and Van Eekelen) 2125 

Blood, determination of vitamin B, in 
(Meiklejohn) 1441 

Blood in myasthenia gravis, choline-esterase 
content of (Stedman and Russell) 1987 

Blood lipoids and proteins in Canadian Eastern 
Arctic Eskimos (Corcoran and Rabinowitch) 
343 

Blood, of various animals, presence of a new 
serum protein in (Hewitt) 1534 

Blood plasma, estimation of bilirubin in 
(Haslewood and King) 920 

Blood potassium, determination of (Truszkow- 
ski and Zwemer) 229 

Blood, study of the destruction of vitamin B, in 
(Leong) 1391 

Blood sugar method, simplified, based on 
ferricyanide-indigocarmine titration (Pat- 
terson) 244 
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Biount, B. K., Curpnaty, A. C. and Man- 
GourI, H. A. el. The wax of white pine 
chermes 1375 

Boletus edulis, sterols and carbohydrates in 
(Ratcliffe) 240 

Bonp, C. B., Knicut, E. C. and WALKER, T. K. 
The production of glucosone from carbo- 
hydrates by enzymic action 1033 

Bones, vital staining of, with madder (Richter) 
591 

Borcuarpt, H. see DiInGeMANSE, E. 

Boyuanp, E. and Boyitanp, M. E. Studies 
in tissue metabolism. IX. The action of 
colchicine and B. typhosus extract 454 

Boy.anp, E., Boyianp, M. E. and GREVILLE, 
G. D. Studies in tissue metabolism. X. The 
effect of cozymase on glycolysis in tumour 
extracts 461 

Boyanp, M. E. see BoyLanp, E. 

“ Bradycardia”’ method, assay of synthetic and 
natural crystalline vitamin B, by (Leong 
and Harris) 672 

Brain, effects of hydroxymalonate on meta- 
bolism of (Jowett and Quastel) 275 

Brain metabolism (Weil-Malherbe) 299, 2202 

Brain, oxidation of aliphatic amines by (Pugh 
and Quastel) 286 

Brain oxidations, effects of ether on (Jowett 
and Quastel) 1101 

Brain, pyruvate oxidation in (McGowan) 
1627; (McGowan and Peters) 1637; 
(Peters) 2240 

Brain tissue in vitro, isolation of acetylcholine 
produced by (Stedman and Stedman) 817 

Bread, flour and yeast, water-soluble B-vita- 
mins in (Copping and Roscoe) 1879 

Bread, vitamin B, and problem of brown versus 
white (Harris) 799; (Leong and Harris) 
812 

Breast muscle dispersions, pigeon, respiration 
of (Greville) 2274 

BrekkKE, B. and Dixon, M. The measurement 
of tissue glycolysis in serum II 2000 

Bryant, 8. A. see CAMPBELL, W. G. 

Buffer solutions for determination of pH, 
preparation of (Shore) 219 

Burcu, W. J. N. see Purmmer, R. H. A. 

Burrows, H., Coox, J. W., Rog, E. M. F. and 
WarrREN, F. L. Isolation of A**-andros- 
tadiene-17-one from the urine of a man with 
a malignant tumour of the adrenal cortex 
950 

Burvurana, L. The action of sunlight on milk 
1452 

Busuiit, J. H. see Lamprrt, L. H. 

Buston, H. W. and Hoveurton, A. A. Further 
observations on the hemicelluloses of the 
pods of runner beans 2178 

Butanol-acetone fermentation of carbohydrates, 
activation of, by Clostridium acetobutylicum 
(Weizmann) (Weizmann and Rosenfeld) 
619 

Butter, carotene of (Gillam and el Ridi) 251 

Butter, superimposition of, on diet adequate 
for maintenance (Cuthbertson, McCutcheon 
and Munro) 681 

Buttte, G. A. H. see Gray, W. H. 

B-vitamins, water-soluble. (Edgar, Macrae and 
Vivanco) 879; (Edgar and Macrae) 886, 
893; (Copping and Roscoe) 1879 


Caecum, normal and vitamin D-deficient rats 
with and without, assimilation of Steenbock- 
Black diet in (Innes and Nicolaysen) 101 

Calcium chloride, absorption of, in the rat 
(Nicolaysen) 323 

Calcium, endogenous, influence of vitamin D on 
faecal output of, in the rat (Nicolaysen) 107 

Calcium, excretion of, by the large intestine of 
the rabbit (Cowell) 848 

Calcium, influence of vitamin D on absorption 
of, in the rat (Nicolaysen) 122 

Calcium precipitation, manometric studies on 
effect of tissue extract upon (Lasnitzki) 706 

Calcium requirement of rachitic rats (Nicolay- 
sen) 105 

Calcium, magnesium and phosphorus, salt 
equilibrium in milk dialysis with special 
reference to (Lampitt, Bushill and Filmer) 
1861 

CAMPBELL, W. G. and Bryant, 8S. A. The sampl- 
ing of wood for analysis, with particular 
reference to the Australian eucalypts 748 

CAMPBELL, W.G., Bryant, 8. A. and Swann, G. 
The chlorine-sodium sulphite colour reaction 
of woody tissues 1285 

CAMPBELL, W. G. and Smiru, L. H. The deter- 
mination of pentosans in the analysis of 
woods. I. The gravimetric determination of 
furfuraldehyde 535 

Campion, J. E., Henry, K. M., Kon, S. K. and 
Macxtintosu, J. The source of vitamin D 
in summer milk 81 

Canada Wonder bean, distribution of phos- 
phatase activity and analysis of growth in 
(Ignatieff) 1611 

Capon comb growth-promoting substances 
(“male hormones”) in human urine of 
males and females of varying ages (Dinge- 
manse, Borchardt and Laqueur) 500 

4-(or 5-)Carbamidoglyoxaline, synthesis of 
(Hunter and Hlynka) 488 

Carbohydrate formation in the liver, effect of 
insulin on (Bach and Homes) 89 

Carbohydrate, insoluble, nature of, in synthesis 
of reserve carbohydrate by yeast (McAnally 
and Smedley-MacLean) 72 

Carbohydrate metabolism during experimental 
human salt deficiency (MceCance) 1276 

Carbohydrate metabolism, intermediary, in 
embryonic life (Needham and Lehmann) 
1210, 1913;(Needham and Nowinski) 1165; 
(Needham, Nowirski, Dixon and Cook) 
1185 

Carbohydrate, protein-saving effect of, when 
superimposed on a diet adequate for main- 
tenance (Cuthbertson and Munro) 694 

Carbohydrate, reserve, synthesis of, by yeast 
(McAnally and Smedley-MacLean) 72 

Carbohydrate, synthesis of, in tumour tissues 
(Benoy and Elliott) 1268 

Carbohydrates, activation of butanol-acetone 
fermentation of, by Clostridium aceto- 
butylicum (Weizmann) (Weizmann and 
Rosenfeld) 619 

Carbohydrates, analysis of, of the cell wall of 
plants (Marshall and Norris) 1053, 1289, 
1939 

Carbohydrates and allied substances, effect of, 
on urease production by Proteus vulgaris 
(Passmore and Yudkin) 318 
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Carbohydrates in fungi (Ratcliffe) 240 

Carbohydrates, production of glucosone from, 
by enzymic action (Bond, Knight and 
Walker) 1033 

Carbon monoxide, tissue metabolism under the 
influence of (Laser) 1677 

Carbonyl compounds, separation of, from 
waxes (el Mangouri) 1978 

Carcass of the rat, deposition of fat in (Channon, 
Jenkins and Smith) 41 

Carica papaya latex and latex preparations, 
hydrolytic properties of (Frankel, Maimin 
and Shapiro) 1926 

neo-a-Carotene (Gillam, el Ridiand Kon) 1605 

Carotene of milk fat (butter) (Gillam and el 
Ridi) 251 

Carotene, vitamin A and (Cruickshank and 
Moore) 179; (Davies and Moore) 172; 
(Ellison and Moore) 165; (Moore) 155 

Carotenes, isomerization of, by chromato- 
graphic adsorption (Gillam, el Ridi and 
Kon) 1605 

Carotenoid pigment, new, from the pondweed 
Elodea canadensis—eloxanthin (Hey) 532 

Carter, C. W. and O’Brien, J. R. Maintenance 
nutrition in the pigeon. The effect of 
vitamin B, 2264 

CarTER, ©. W. and O’Brien, J. R. Mainten- 
ance nutrition in the pigeon, vitamin B, 
2270 

Casein fat, physical and chemical properties of 
(Stevenson and Bacharach) 721 

Caseinogen and lactalbumin of woman’s milk, 
content in amino-acids of the (Plimmer and 
Lowndes) 1751 

Caseins, “light white”, and “Glaxo”’, nutritive 
value of (Morgan and Greaves) 1553 

Castrated rats, effects of A*t-androstenedione 
and A°-androstenediol on (Korenchevsky, 
Dennison and Eldridge) 467 

Castrated rats, prolonged treatment of, with 
testosterone propionate (Korenchevsky, 
Dennison and Eldridge) 475 

Cathode rays, effects of irradiation with, on 
amino-acids and derivatives (Allen, Steiger, 
Magill and Franklin) 195 

Cells, changes in the plasma and, during experi- 
mental human salt deficiency (McCance) 
1278 

Cell structure and enzymic activity (Yudkin) 
1065 

Cell wall of plants, analysis of carbohydrates of 
(Marshall and Norris) 1053, 1289, 1939 

Cereals, biological value of the proteins of 
certain (Markuze) 1973 

Cuannon, H. J., Jenkins, G. N. and Smrrx, 
J. A. B. Deposition of fat in the liver and 
carcass of the rat on diets high in fat and 
low in lipotropic factors 41 

Cuannon, H. J., Piatt, A. P., Loacn, J. V. 
and Sir, J. A. B. The control of liver 
fat by triethyl-8-hydroxyethylammonium 
hydroxide 2181 

Cuannon, H. J., Puart, A. P. and Smita, 
J. A. B. The dietary prevention of fatty 
livers. Two analogues of choline 1736 

Cuannon, H. J. and Tristram, G. R. The 
effect of the administration of squalene and 
other hydrocarbons on cholesterol meta- 
bolism in the rat 738 
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Cu1spnaLt, A. C., Preer, S. H., Mancourt, 
H. A. Ext, Wirtuttams, E. F. and Ivencar, 
A. V. V. The wax from the leaves of sandal 
(Santalum album Linn.) 1981 

CuHIBNALL, A. C. see also BLount, B. K. 

Cuick, H. see Brrcn, T. W. 

Child, vitamin A reserve of, in health and 
disease (Ellison and Moore) 165 

Chloride, estimation of, in 0-3 yl. of tissue fluid 
(Wigglesworth) 1719 

Chloride “‘ permeations”’ in muscle (Conway and 
Cruess-Callaghan) 828 

Chlorine-containing metabolic products of 
Aspergillus terreus Thom., molecular con- 
stitution of geodin and erdin (Clutter- 
buck, Koerber and Raistrick) 1089 

Chlorine-sodium sulphite colour reaction of 
woody tissues (Campbell, Bryant and 
Swann) 1285 

Cholesterol absorption, fat feeding and (Cook) 
410 

Cholesterol feeding of rabbits, effect of, on 
tissue lipoids (Aylward and Stott) 2055 

Cholesterol metabolism in the rat, effect of ad- 
ministration of squalene and other hydro- 
carbons on (Channon and Tristram) 738 

Choline, effect of, on the vitamin B,-sparing 
action of fats (McHenry) 1616 

Choline esterase content of blood in myasthenia 
gravis (Stedman and Russell) 1987 

Choline esterase, properties of, in human serum 
(Glick) 521 

Choline esterase, specificity of (Easson and 
Stedman) 1723 

Choline, lipotropic effect of two analogues of 
(Channon, Platt and Smith) 1736 

Choline, oxidation of, by rat liver (Mann and 
Quastel) 869 

Chromatographic adsorption, isomerization of 
carotenes by (Gillam, el Ridiand Kon) 1605 

Cuirton, C. E. see Woops, D. D. 

Clostridium acetobutylicum (Weizmann), activa- 
tion of butanol-acetone fermentation of 
carbohydrates by (Weizmann and Rosen- 
feld) 619 

Clostridium genus, metabolism of (Woods and 
Clifton) 1774 

Clostridium histolyticum, proteinase of (Weil 
and Kocholaty) 1255 

CLurrersuck, P. W., KorrBer, W. and 
Ratstrick, H. Studies in the biochemistry 
of micro-organisms. LV. Molecular con- 
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681; (Cuthbertson and Munro) 694; 
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lactoflavin (Edgar and Macrae) 886 

Rat, influence of vitamin D on absorption of 
calcium and phosphorus in (Nicolaysen) 
122 

Rat, influence of vitamin D on faecal output 
of endogenous calcium and phosphorus in 
(Nicolaysen) 107 

Rat liver, oxidation of choline by (Mann and 
Quastel) 869 

Rat, mannose as a possible precursor of ascorbic 
acid in the tissues of the (Hawthorne and 
Harrison) 1061 

Rat, maximum storage of vitamin B, in tissues 
of (Leong) 367 

Rat, nicotinamide and other pyridine deriva- 

tives in the nutrition of (Macrae and Edgar) 
2225 

Rat on diets high in fat and low in lipotropic 
factors, deposition of fat in liver and carcass 
of (Channon, Jenkins and Smith) 41 

Rat uterus, effect of the oestrous cycle on the 
metabolism of isolated (Kerly) 1544 

Rat, young, influence of vitamin A reserve on 
length of depletion period in (Davies and 
Moore) 172 

Rats, absorbing glucose and fructose, the free 
sugar concentration of the livers of (Fletcher 
and Waters) 1830 

Rats, adult male, effects of testosterone and 
testosterone propionate on (Korenchevsky, 
Dennison and Hall) 1434 

Rats, albino, occurrence of a phytin-splitting 
enzyme in intestines of (Patwardhan) 560 

Rats, castrated and ovariectomized, effects of 
A‘-androstenedione and A*-androstenediol 
on (Korenchevsky, Dennison and Eldridge) 
467 

Rats, castrated and ovariectomized, prolonged 
treatment of, with testosterone propionate 
(Korenchevsky, Dennison and Eldridge) 
475 

Rats, male, the co-operative activity of testo- 
sterone propionate with A®-androstenediol 
and with oestradiol in (Korenchevsky and 
Dennison) 862 

Rats, normal adult female, action of testo- 
sterone propionate on (Korenchevsky, 
Dennison and Hall) 780 

Rats, normal and vitamin-D deficient, with and 
without caecum, assimilation of Steenbock- 
Black diet in (Innes and Nicolaysen) 101 

Rats, quantitative study of metabolism of 
vitamin B, in (Leong) 373 

Rats, rachitic, calcium and phosphorus require- 
ment of (Nicolaysen) 105 

Rats, replaceability of l-cystine in the diets 
of, with some partially oxidized derivatives 
(Bennett) 962 











2372 INDEX 


Rats, subacute magnesium deficiency in 
(Watchorn and McCance) 1379 

Rays, cathode, effects of irradiation with, on 
amino-acids and derivatives (Allen, Steiger, 
Magill and Franklin) 195 

Reduction and reversible oxidation of coenzyme. 
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tivity of, with A5-androstenediol and with 
oestradiol in male rats (Korenchevsky and 
Dennison) 862 

Thiochrome reaction, chemical measurement of 
vitamin B, in foodstuffs and_ biological 
material by means of (Pyke) 1958 

isoThiocyanate, allyl, combination of cysteine 
with (Todrick and Walker) 297 

Thyrotropic hormone, purified, preparation 
of, by chemical precipitation (Lambie and 
Trikojus) 843 

TisEexius, A. Electrophoresis of serum globulin 
313 

Tisextus, A. Electrophoresis of serum globulin. 
II. Electrophoretic analysis of normal and 
immune sera 1464 

Tissue, brain, in vitro, isolation of acetyl- 
choline produced by (Stedman and Sted- 
man) 817 

Tissue extract, manometric studies on effect 
of, upon calcium precipitation (Lasnitzki) 
706 

Tissue fluid, estimation of chloride in 0-3 pl. of 
(Wigglesworth) 1719 

Tissue glycolysis in serum, measurement of 
(Dixon) 924; (Brekke and Dixon) 2000 

Tissue lipoids, effect of cholesterol feeding of 
rabbits on (Aylward and Stott) 2055 

Tissue, liver, intensity of succinate oxidation 
in surviving (Rosenthal) 1710 

Tissue metabolism (Boyland and Boyland) 
454; (Boyland, Boyland and Greville) 461 

Tissue metabolism under the influence of 
carbon monoxide (Laser) 1677 

Tissue metabolism under the influence of low 
oxygen tension (Laser) 1671 

Tissue, normal, extracts, hexosediphosphate 
metabolism of (Mawson) 1657 

Tissue oxidations, effects of narcotics on (Jowett 
and Quastel) 565 

Tissue respiration and fumarate (Greville) 2274 

Tissue, tumour, effect of X-rays upon meta- 
bolism of (Bancroft and Kinsey) 974 

Tissue, tumour, glucose and hexosediphosphate 
breakdown in (Holmes) 1730 

Tissues, animal, acetopyruvic acid («y-diketo- 
valeric acid) as an intermediate metabolite 
in (Krebs 2nd Johnson) 772 

Tissues, animal, £-hydroxybutyric dehydro- 
genase of (Green, Dewan and Leloir) 934 

Tissues, animal, metabolism of ketonic acids in 
(Krebs and Johnson) 645 

Tissues, animal, oxidation of amines by (Pugh 
and Cuthbertson) 2306 

Tissues, animal, oxidation of I( — )x-hydroxy- 
glutaric acid in (Weil-Malherbe) 2080 

Tissues, normal and tumour, metabolism of 
lactic and pyruvic acids in (Benoy and 
Elliott) 1268 

Tissues of the eels Anguilla vulgaris and A. 
aucklandi Rich., distribution of vitamin A 
in (Edisbury, Lovern and Morton) 416 

Tissues of the rat, maximum storage of vitamin 
B, in (Leong) 367 

Tissues, oxidation of aliphatic amines by (Pugh 
and Quastel) 286 

Tissues, rat, mannose as a possible precursor 
of ascorbic acid in the (Hawthorne and 
Harrison) 1061 


Tissues, tumour, metabolism of lactic and 
pyruvic acids in normal and (Elliott, Greig 
and Benoy) 1003; (Elliott and Greig) 
1021 

Tissues, vegetable, ascorbic acid oxidase and 
the state of ascorbic acid in (Stone) 508 

Tissues, woody, chlorine-sodium sulphite colour 
reaction of (Campbell, Bryant and Swann) 
1285 

Tocopherol (Drummond and Hoover) 1852 

B-Tocopherol, isolation of, from wheat germ oil 
(Todd, Bergel and Work) 2257 

Topp, A. R., BerGet, F., WALDMANN, H. and 
Work, T.S. Studies on vitamin E. I. The 
isolation of some crystalline alcohols from 
the unsaponifiable matter of rice and wheat 
germ oils 2247 

Topp, A. R., BERGEL, F., WALDMANN, H. and 
Work, T.S. Studies on vitamin E. IT. The 
isolation of B-tocopherol from wheat germ 
oil (Todd, Bergel and Work) 2257 

Toprick, A. and Waker, E. A note on the 
combination of cysteine with allyl iso- 
thiocyanate 297 

Toprick, A. and Waker, E. Sulphydryl 
groups in proteins 292 

Triethyl-8-hydroxyethylammonium hydroxide, 
control of liver fat by (Channon, Platt, 
Loach and Smith) 2181 

Trikosus, V. M. see Lamste, C. G. 

Triosephosphate, phosphagen formation and 
oxidation of, in muscle extract (Innes) 
1586 

Tristram, G. R. see CHannon, H. J. 

TruszkowskI, R. and ZwemMer, R. L. Deter- 
mination of blood potassium 229 

Tryptophan, use of mercuric salts and nitrous 
acid in the colorimetric determination of 
(Lugg) 1422 

Tubers of potato, study of virus disease infec- 
tion in, by the ascorbic acid test (Smith and 
Paterson) 1992 

Tumour extracts, effect of cozymase on 
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Borchardt and Laqueur) 500 

Urine, human pregnancy, method for isolation 
of pregnandiol from (Beall) 35 

Urine, organic phosphates of (Rae) 1622 

Uterus, isolated rat, effect of the oestrous cycle 
on the metabolism of (Kerly) 1544 


Varanus salvator Laur., depot fat of (Hilditch 
and Paul) 227 

Vegetable fibres, composition of some less 
common (Norman) 1575 

Vegetable tissues, ascorbic acid oxidase and the 
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